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ABSTRACT 
Accurate solubility measurements for the pesticide 1-
naphthyl-N-methylcarbamate (carbaryl) in water, natural and 
artificial seawater, NaCl, Na 2 so 4 , cac1 2 and (CH 3 ) 4NBr, at 
different temperatures covering the range 5-45 °C, were 
obtained using a combination of the generator column method 
and absorption spectroscopy techniques. As a rule, it ~t~as 
found that the solubility of carbaryl in water and in the 
electrolyte solutions increased with an increase in 
temperature. 
The thermodynamic parameters 6G0 , ~H0 , ~S0 , and 6C0 at p 
298.15 K, for the dissolution process carbaryl (s) to 
carbaryl(aq) and carbaryl(s) to carbaryl(aq. elect.), were 
calculated by fitting the solubility information to the 
Clarke and Glew equation. The results were consistent with 
the model which considers carbaryl and (CH 3 ) 4NBr to be 
solvent-structure-promoters and the rest of the electrolytes 
used in this work as solvent-structure-breakers. 
The salt-effect as a function of temperature on the 
nonelectrolyte pesticide was obtained by calculating the 
Setchenov constants for each one of the electrolyte 
solutions mentioned above. Salting-out was observed in 
solutions prepared with NaCl, Na 2so 4 , and cac1 2 as well as 
in natural and artificial seawater, while salting-in was 
obtainedwith (CH3 T4NBr solutions. 
Pseudo-first order rate constants and half-life times 
for carbaryl in water were determined for different pH 
ix 
values ranging from 9.70 ± 0.02 to 11.60 ± 0.02 and covering 
the temperature range 25.5 ± 0.2 to 34.7 ± 0.2 °C. 
A direct relationship between SDS concentration and 
pesticide solubility was found by showing that the presence 
of micelles increased the solubility of an otherwise 
sparingly soluble molecule like carbaryl. 
Under high pressures (1356±34, 1797±.34, and 2203±.34 
atm) and using NaCl as cosolute, carbaryl was readily 
degraded at 30 °C, giving deprotonated 1-naphthol as one of 
the final products, in agreement with previous observations 
reported in the literature with esters and substituted 
phenols. Pseudo-first order high-pressure rate constants 
were calculated and, according to the results, it was found 
that there was a direct relationship between these constants 
and pressure. 
X 
1 
I 
l I. INTRODUCTION The objective of this·investigation was to make use of 
solubility data in water and in electrolyte solutions as a 
function of temperature, to calculate salt-induced effects 
(Setchenov constants) and thermodynamic parameters for the 
pesticide carbaryl. In addition to this, the effect of 
pressure and of different environmental parameters, such as 
pH, and micelle formation on the persistence of this 
pesticide, was analyzed. 
Knowledge of aqueous solubility of pesticides is 
essential because the low solubility of these molecules in 
water makes direct calorimetric studies rather difficult. 
Therefore, thermodynamic quantities have been extracted 
almost exclusively from solubility data (May et al., 1983). 
Aqueous solubility is also essential for predicting the 
general environmental distribution of substances, notably 
the extent of partitioning from water into air, sediment, or 
particulate matter suspended in the water column. In water 
pollution control, such information is helpful in devising 
abatement processes, modelling natural water systems, 
designing toxicity experiments, and developing analytical 
techniques. On the other hand, in chemistry, solubility 
data are needed for testing models concerning the behavior 
of nonpolar molecules (like pesticides) in aqueous solution 
(May, 1980), and they can even be used as probes for 
obtaining evidence of water structure (Getzen, 1976). It is 
thus universally accepted that measurements or estimates of 
1 
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aqueous sol ubi 1 i ty are an essential prerequisite to hazard 
assessment for new and existing environmental chemicals 
(Yalkowski et al., 1983). 
Pollution can be defined as the release of substances 
or energy to the environment by man, in quantities that 
damage either his health or resources. A pollutant can be 
described as a substance or pattern of energy in the wrong 
amount at the wrong place or at the wrong time (Edwards, 
1972). Generally the reference point for identifying and 
assessing pollution is the impact it has on human interests 
(Dugan, 1972). 
Man produces more than a million different kinds of 
products, both as waste and as useful products, that 
eventually end up as waste. We are using and creating many 
materials at rates greater than the total rates of 
geological erosion and deposition; this process can be great 
enough to change their global distributions. Activities 
such as agriculture, mining, and industry have annual rates 
of increase in production of 3, :J, and 7 percent, 
respectively. An integrated rate of this increase is 
estimated to be between 5 and 6 percent per year, in 
comparison with an annual rate of population increase of 
only 2 percent (MIT, 1970). 
A) Pesticides, a review 
1) Historical background 
Pesticides, often called "economic poisons", are needed 
3 
in agriculture and forestry because, as judged by the United 
States figures over the decade 1951-1960, roughly one third 
(34%) of the production of food and fiber was lost to pests. 
The effect of pesticides is not only to reduce the numbers 
in any one kind of natural enemy, but to reduce the number 
of species of natural enemies in the ecosystem. Some of the 
species are driven out for lack of prey, or starved out for 
lack of hosts (Brown, 1978). 
As World War II ended, agricultural use of 
insecticides, herbicides and commercial fertilizers began to 
increase rapidly. The so called "green revolution" brought 
dependence on a variety of synthetic pesticides and 
herbicides (Norris, 1982). Most of the recently introduced 
pesticides and fertilizers are manufactured from 
petrochemical feedstock materials, and their production 
costs are extremely sensitive to changes in the nrice of 
crude oil. Farmers use considerable quantities of 
pesticides that generally remain in the soil where they 
degrade slowly. Some pesticides get into watercourses by 
the accidental dumping of pesticide containers, drainage 
waters from treated land, or liquid disposed after sheep-
dipping. We were warned initially that certain pesticides 
were a potential hazard to fish and wildlife populations, 
and now we are warned that the global distribution of these 
compounds threatens the stability and utilization of our 
marine resources-as a human food source (Johnson and Ball, 
1972). 
The need for chemical pesticides still persists, and 
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indeed increases, as the human population pressure continues 
to rise. Extensive contiguous areas of monoculture demand 
the use of herbicides, insecticides, and fungicides (Brown, 
1978). In 1960, the U.S. alone was producing more than 500 
million pounds of pesticide annually (ACS, 1978). In 1963, 
the annual sales of herbicides and fungicides were each of 
the order of 100 million pounds, as compared to 435 million 
pounds of insecticides, including fumigants (Brown, 19 7 8). 
In 1970, the production jumped to 1.03 billion pounds. By 
1975 this number increased to 1.61 billion pounds (ACS, 
1978). In the latter figure, one should include the oil 
solvents used as carriers which added in 1971 nearly 200 
million pounds to the total (Brown, 1978). 
It is important to point out that during the 1960s and 
1970s, -large scale Western agricultural technologies were 
introduced to many traditional farming societies in Third 
World countries. From 1974 to 1978, Third World imports of 
pesticides increased from $ 641 million to almost $ 1 
billion. Thirty-eight percent of the international trade in 
pesticides in 1978 occurred in developing countries. 
Although u.s. production of pesticides rose by one half 
during the 1970s, exports to foreign countries increased by 
200 percent. Thirty percent of all pesticides exported from 
the United States were not approved for use in the U.S. 
(Norris, 1982). 
The number of reported cases of accidental pesticide 
poisoning in the world amounts to some 500,000 men, women 
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and children each year, with a mortality rate exceeding 1% 
of this figure (Brown, 1978). It has been argued that the 
dangers to which farm workers and the public in these 
countries are exposed to, are a regrettable by-product of 
the extraordinary effort necessary to produce enough food 
for the hungry populations. However, in many developing 
nations, the majority of pesticide use occurs on cash and 
export crops that cannot be consumed by the people who bear 
the greatest risks from the use of these chemicals. Thus, 
the hazards of excessive pesticide use affect the developed 
world as well as the nations of the Third World, by damaging 
the global environment, creating resistant strains of pests 
that in turn carry new outbreaks of diseases once considered 
under control, and contaminating products that find their 
way to all parts of the world, including those countries in 
which the pesticides originated (Norris, 1982). 
2) Definition and classification of pesticides 
'Pesticides are chemicals designed to combat the attacks 
of various pests on agricultural crops. It has long been 
common practice to classify the chemicals according to their 
use. Usually they fall into three major classes: 
insecticides which act against insects, herbicides which act 
against weeds, and fungicides which act against fungi. In 
addition to these, but of less importance, there are 
iodenticides (for control of rodents), nematicides (to kill 
microscopic eelworms), molluscicides (to kill slugs and 
6 
snails), acaricides (to kill mites), etc. (Cremlyn, 1978). 
Pesticides represent almost all major classes of 
organic compounds. Specific chemicals can be categorized by 
broad structural types. Typical categories include the 
chlorinated (or halogenated) hydrocarbons, organophosphorus 
compounds, triazines, and carbamates. The physical and 
biological properties of the chemicals in a given category 
may differ markedly; the carbamates, for example, include 
herbicides, insecticides, and fungicides (ACS, 19 78). 
The active ingredients of most pesticides are 
relatively insoluble in water, but are fairly soluble in 
organic solvents. The solubility problem can be overcome by 
the addition of emulsifiers to the solution of the 
pesticide; enabling it to form a stable emulsion on mixture 
with water (Cremlyn, 1978). 
3)Effect of some environmental parameters in the 
persistence of pesticides 
When a chemical is released into the environment, it 
will be distributed (partitioned) between the various 
phases, with the concentration in any phase being a function 
of the properties of both the chemical and the phase. The 
fundamental phases of the environment are: land 
(lithosphere), water (hydrosphere), air (atmosphere), and 
biota (biosphere). A rough estimate of the masses of the 
various phases yields the follor..ring: (1) atmosphere 5.3x1o 18 
kg, (2) soil to six-inch depth 1.1x1o 17 kg, (3) water 
1.3x1o21 kg, (4) animals 2.0x1o13 kg, and (5) plants 
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1.1x1o15 kg (Haque and Freed, 1974). 
The chemical diversity of pesticides is paralleled by 
their widely varying physical properties. The latter 
strongly influences a pesticide's behavior in the 
environment. For example, physical properties determine a 
pesticide's mobility in soil, the amount of it that may 
vaporize into the air, and its distribution between water 
and fat. Physical properties combine with chemical 
reactivity to determine the chemical's persistence in the 
environment. For example, the stability of organic 
herbicides in soils ranges from a few days to more than 12 
months. The 
persistent. 
organochlorine insecticides are the most 
Chlordane and DDT (the chemical names and 
structural formulas of all the pesticides mentioned in this 
work can be found in Appendix 1) usually persist for several 
years. Although heptachlor and aldrin degrade, their 
activity is extended through the formation of their 
respective metabolites, i.e., heptachlor epoxide and 
dieldrin which are also pesticides. The carbamate 
insecticides persist for about 3 months (Kearny et al., 
1969). 
Pesticides, like other chemicals, undergo many 
different reactions. As a rule, the more reactive the 
pesticide, the less persistent it is. Nonpersistent 
pesticides generally are considered environmentally 
desira.p1e and persistent materials undesirable. It should 
be recognized, however, that sometimes pesticide degradation 
products may be more toxic than the original compound (ACS, 
8 
1978). 
Many factors influence the rate at which a pesticide 
breaks down. Among them are temperature, moisture, fauna, 
flora and microbial population, the intensity of light, the 
nature of the reaction medium, the content of organic 
matter, the pH, and the pesticide's solubility in water and 
other solvents. The toxicity, persistence, and 
environmental fate of pesticides are determined ultimately 
by their susceptibility to several key types of chemical 
reactions, including oxidation, reduction, and hydrolysis 
(ACS, 1978). 
a) Mobility in soil 
Because soils contain many very small particles, they 
have a very large surface area per unit weight. The surface 
is typically heterogeneous and is composed of a wide variety 
of mineral and organic substances, some carrying permanent 
or pH-dependent charges and comprising both hydrophilic and 
hydrophobic regions (Hartley and Graham-Bryce, 1980a). 
According to Haque and Freed ( 19 7 4) , the two major 
processes controlling the behavior of pesticides in a soil 
matrix are adsorption and leaching-diffusion. Most neutral 
organic pesticide molecules follow a physical type of 
adsorption in which there is first the formation of a 
m()no)_~ye_r on ,tbe surface followed by a build up of 
multilayers. Hence, by analogy to the adsorption of gases 
on solids, the heat of adsorption from aqueous solution of a 
9 
pesticide should be in the range of heat of solution. 
Highly water soluble compounds which are only weakly 
adsorbed by particulate matter are relatively mobile in soil 
and aquatic systems. 
solubility are adsorbed 
Compounds which have low water 
to organic lipophillic particulate 
materials and are relatively immobile. Although the bulk of 
the adsorption may be from solution, adsorption to a certain 
extent also occurs from the chemicals present in the vapor 
state (Haque and Freed, 1974). 
b) Vaporization 
The volatility of organic compounds such as pesticides, 
is a factor which governs their transport through the 
atmosphere. The vapor pressure of a compound will determine 
in part the rate of evaporation as well as the ability to 
adsorb to particulate matter in the environment (Wasik et 
al., 1983). Vapor pressure data can be combined with 
aqueous solubility to calculate the Henry's law constant (H) 
which is essential in calculating the direction and rate of 
transfer between water and air. The volatilization process 
is generally accepted as consisting of diffusion of the 
solute from the bulk of water to the air-water interface, 
followed by transfer across the interface, and finally by 
diffusion from the interface to the bulk of the air phase 
(lv!ack,ay ~t_ a._}., _1978J. __ Th_e_ vapor_pr~ssur@s of pesticides 
vary over a wide range, from the highly volatile 
organophosphates and carbamates to the low volatility 
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materials such as the triazines, DDT, aldrin, dieldrin, etc. 
(Haque and Freed, 1974). 
c) Partition 
One type of partition important in biological activity 
is that of the pesticide between the lipophilic phase and 
the aqueous phase within the cells of an animal or a plant 
biosystem. The relation between the biological activity of 
a compound and its concentration can be expressed as a 
function of the relative saturation of the aqueous phase in 
equilibrium with the active site. This relative activity is 
a function of both the partition coefficient and the 
absolute water solubility of the compound (Freed and 'irlitt, 
1969). 
By definition the partition coefficient expresses the 
equilibrium concentration ratio of an organic chemical 
partitioned between an organic 1 iquid and water. Partition 
coefficients between water and air (Kw), water and soil (K 0 m 
or K0 c) and water and biota (BCF), as well as water and 
octanol (K 0 w) do to some extent, express the degree of 
hydrophobicity which is related to the tendency of the 
chemical to migrate to nonpolar media in the environment 
(Swann et al., 1983). 
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d) Temperature 
As would be expected, temperature significantly 
influences the behavior of pesticides in aqueous solution, 
with solubility usually increasinq with increasing 
temperature (Haque and Freed, 1974). According to Mulla et 
al. (1981), temperature influences vaporization of 
pesticides through its effect on the vapor pressure. For 
example, when the temperature of parathion-treated sand was 
increased from 25°C to 45°C in 10°C increments, there was a 
corresponding four fold increase in the vapor density and 
vapor pressure of this insecticide. Temperature may also 
influence pesticide movement to the surface by diffusion or 
by mass flow in evaporating water and soil water adsorption-
desorption equi 1 ibr ia. Also, adsorption of pesticides from 
aqueous solution is in most instances an exothermic process, 
and usually a lowering in temperature means an increase in 
the extent of 
of 
adsorption 
the adsorbed 
(Haque 
residue 
and Freed, 1974). 
of pesticides (e.g. Desorption 
fumigants) on grain commodities is known to be affected by 
higher temperatures (Mulla et al., 1981). 
e) Moisture 
When comparing dry and wet adsorption, the role of 
water is well appreciated. Many clay minerals are fairly 
good general adsorbers and their c::apa,c:ity when very dry to 
hold tightly the thiolcarbamate insecticides is quite high, 
but water releases these compounds. Certain carbamate 
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insecticides which ·have lost their activity on dry 
cellulosic materials can be reactivated by water (Hartley 
and Graham-Bryce, 1980a). In dry soil, a pesticide may be 
held sufficiently strongly for its evaporation to be greatly 
reduced but when the soil is re-wetted the stronger affinity 
of the water for the surfaces displaces the pesticide. This 
has been shown with such diverse materials as 2,4-D esters, 
thiocarbamates, triazines, and N-phenyl carbamates (Haque 
and Freed, 1974). Also the biological activity of 
insecticide residues in and on porous materials is known to 
vary greatly with water content (Hartley and Graham-Bryce, 
1980a). For many insecticides, particularly orqanochlorine 
compounds such as DDT, dieldrin and BHC, effectiveness is 
much greater at high than at low relative humidity (Hartley 
and Graham-Bryce, 1980b). 
f) Biodegradation 
Microorganisms are known to metabolize a wide range of 
chemicals. This is one of the main sources responsible for 
the decomposition of many pesticides in soils (Haque and 
Freed, 19 7 4). Terrestrial degradation occurs predominantly 
in an aerobic medium, in contrast with the aquatic 
environment which is largely deficient in oxygen. 
Biological degradation mediated by anaerobic organisms is 
particularly expected to differ widely from that caused by 
aerobic forms with respect to metabolic rates, processes, 
and end products (Frank, 1972). 
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Among the agents of biological degradation in water are 
the various forms of aquatic fauna, flora and the microbial 
population. All major groups of fauna present in water 
containing a herbicide are found to have some residue of the 
chemical. Whether the eventual loss of herbicide from these 
organisms results from metabolism or from excretion into the 
surrounding medium has not been determined. The large 
volume of water compared with the total mass of animal life 
makes it unlikely that degradation by aquatic fauna plays a 
significant role in the degradation of herbicides. Future 
studies will probably show that microbial activity is also 
responsible for most of the degradation of herbicide 
residues in aquatic situations (Frank, 1972). 
g) Photodecomposition 
For pesticides in the atmosphere, on foliage or on the 
soil surface, photochemical degradation resulting from the 
adsorption of light energy may occur. Pesticides dissolved 
or suspended in a transmitting medium, could also be 
expected to absorb light and be subjected to reaction either 
internally or with external reagents (Crosby, 1972). 
Pesticides have been shown to undergo a range of reactions 
when exposed to air and light, such as oxidation, ring 
fusion, condensation, bond rearrengement, reductive loss of 
halogens and replacement of halogens by other groups 
(Hartley and Graham-Bryce, 19 8 Oa). However, few pes tic ides 
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absorb appreciable light with wavelengths above about 400 
nm. The quantum energy available at longer wavelengths 
(less than 60 kcal/einstein) is insufficient to break most 
kinds of chemical bonds commonly found in these compounds 
(Crosby, 1972). Because of the difficulties of studying 
photochemical reactions under practical conditions, for 
example on soil or plant surfaces, much of the work on 
photochemical degradation has been done by irradiating 
solutions of pesticides in the laboratory with artificial 
light sources, such as mercury lamps (Hartley and Graham-
Bryce, 1980a). It is known, for example, that DNOC, 
dinoseb, trifluralin, monuron, picloram, and diphenamid are 
readily photolysable in aqueous solution when irradiated 
with ultraviolet light in the laboratory, but of these only 
dinoseb and tr if lura lin have an absorption maxi mum ( 3 7 5 nm 
wavelength) in that part of the solar ultraviolet that 
reaches the earth, the maximum of others being below 250 nm 
and thus well below the lower limit (292 nm) of the 
ultraviolet that reaches the earth (Brown, 1978). Addison 
and coworkers (1975) found that carbamates undergo the 
photo-Fries reaction and that most of them absorb radiation 
available in the solar region and, as a result of this, 
undergo photodissociation (Addison et al., 1973). According 
to Brown (1978) about 6% breakdown of monuron in aqueous 
solution was obtained in two weeks under the summer sunlight 
of the San Joaquin Valley, Califo:r_n_ia, 30% of an aqueous 
solution of picloram was degraded in 6 days in the Texas 
sunlight. Diquat was also rapidly photolysed in aqueous 
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solution, sunlight degrading 70% of it in 3 weeks. But, at 
the other extreme, chloramben losses no herbicidal activity 
to insolation when sprayed on dry soil, although the loss is 
12% on wet soil. 
h) Nature of the reaction medium 
Being transparent to the near ultraviolet spectrum of 
sunlight, pure water can serve as an inert medium in which 
pesticide transformations take place. Water can also serve 
as a reaction medium, e.g., in photooxidations. The 
herbicide monuron, suspended or dissolved in water, 
participates in at least three types of reaction with oxygen 
under the influence of light. Water may participate subtly 
in photolytic reactions. Many instances now have been 
identified in which the generation of hydrated electrons 
provides a driving force. The photolysis of some 
chlorinated aromatic pesticides in water also can generate 
phenols through the replacement of halogen by hydroxyl 
groups. In many instances the photooxidation of 
photonucleophilic substitution reactions of pesticides are 
accompanied by photoreduction (Crosby, 1972). 
i) Organic matter 
In recent years, the organic compounds found throughout 
natural waters have begun to be recognized and investigated. 
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Natural waters contain significant quanti ties of dissolved 
or colloidal organic matter like quinoid polymers (humic 
acids) derived from decaying woody vegetation, which can 
enhance the solubility of hydrophobic organic pollutants by 
incorporation into stable complexes (Wijayaratne and Means, 
1984). Rain contains 2 to 12 mg/L of dissolved organics and 
the dissolved and colloidal organic constituents of seawater 
include carbohydrates (up to 1 mg/L), common amino acids 
such as glutamic acid, glycine, and lysine at levels 
exceeding 1 mg per cubic meter and, especially, the lower 
fatty acids in mg/L amounts (Crosby, 1972). For many un-
ionized pesticides, it has been found that the most 
important property governing the relative extent of 
adsorption for a given pesticide in different soils is the 
soil organic matter content, and empirical relationships 
between extent of adsorption and organic matter content have 
been established {Hartley and Graham-Bryce, 1980a). 
Natural estuarine colloids also have the potential to 
be important substrates in the transport of hydrophobic 
contaminants in aquatic environments (Wijayaratne and Means, 
1984). One of the most important, interesting, and useful 
aspects of micellar solutions is their ability to solubilize 
v~rious organic solutes which are normally very sparingly 
soluble in pure water (Ben-Naim and Wilf, 1983). 
j) pH 
The alkalinity or acidity of the solution is thought to 
influence the stability, solubility and adsorption of 
certain pesticides. For example, the monomethylcarbamate 
~ 
1 
i 
I 
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esters carbary 1 and baygon, and the dime thy 1 carba rna te 
esters, pyrolan and dimetilan are unstable under alkaline 
conditions, with carbaryl being the most sensitive, 
liberating 1-naphthol upon degradation (Aly and El-Dib, 
1972). These researchers also found that the N-N-
dialkylcarbamates were more stable in alkaline solutions 
than the N-monoalkylcarbamates. 
The solubility of triazine molecules usually increases 
with lowering pH this being attributed to the protonation of 
the nitrogen with the formation of cationic species (Haque 
and Freed, 1974). 
Weber (1972) classified the majority of the pesticides 
into ionic and nonionic, and he concluded that basic 
pesticides are physically adsorbed on particulate matter in 
neutral solutions, but they become protonated and ionically 
adsorbed in acid systems or on acidic surfaces. Adsorption 
by particulate matter, movement in soils, and biological 
activity of adsorbed nonionic pesticides depends greatly 
upon the chemical properties of the compounds and the types 
of particulate matter involved. 
For triazines it was found that adsorption in alkaline 
solution was slight, but it increased slowly to a broad 
maximum at pH near the pK, falling more steeply in acid 
solution. The variation with pH was attributed to the 
adsorption being due to attraction between protona ted 
triazine molecules and non-transient negative charges in the 
clay (Hartley and Graham-Bryce, 1980a). 
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k) Solubility 
The major factors contributing to the partitioning of a 
chemical into the aquatic environment are its water 
solubility and the latent heat of solution. Since most 
pesticides are low molecular weight organic compounds, they 
evidence a hydrophobic character having water sol ubi 1 i ties 
in the parts-per-million {ppm) or even parts-per-billion 
{ppb) range. This make exact determinations of the 
solubilities quite difficult (Haque and Freed, 1974). 
Solubility figures are used daily to predict or 
extrapolate such parameters as systemic penetration into 
aqueous tissues, distributions from formulations into 
aqueous spray carriers, transfer coefficients from residence 
in soils or decomposing vegetation into runoff and ground 
water, ease of removal from heated commodities by water 
rinsing, probable water contamination from direct 
applications or from spillage, and others (Gunther et al., 
1968). It is c:dso a fundamental parameter in assessing the 
extent and rate of the dissolution of pesticides and their 
persistence in the aquatic environment. The extent to which 
aquatic biota are exposed to a toxicant such as a carbamate 
pesticide is largely controlled by the aqueous solubility of 
the toxicant (May, 1980). These solubilities are also of 
thermodynamic interest since they give information 
---- - --
fundamental in understanding hydrophobic interactions and in 
calculating the transfer properties of solutes between 
various solvents. Direct calorimetric measurements cannot 
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presently yield meaningful values for substances having very 
low solubilities (May et al., 1983). 
When one dissolves a solid substance in aqueous 
solution, the dissolution takes place through two processes 
(Freed et al., 1967): 
i) solid solute ---> aqueous solute (1) 
and 
ii) aqueous solute ---> solute in aqueous solution. (2) 
Consequently, two enthalpy terms corresponding to each 
process are involved. Now, for convenience, the solution 
process is considered to consist of two steps: (1) the 
creation of a cavity in the solvent of suitable size to 
accomodate the solute molecule and (2) the introduction into 
the cavity of a solute molecule which interacts with the 
solvent (Pierotti, 1965). The bigger the molecule, the 
larger the hole and the lower the solubility, unless there 
are H-bonding or other solute-solvent interactions (Briggs, 
1981). The interaction of organic compounds in water or 
salt solutions is essentially an entropic phenomenon, and 
this interaction may involve an increase or decrease of 
entropy depending on whether hydrophylic or hydrophobic 
interactions predominate (Almeida et al., 1983). The 
currently accepted view is that the solubility of nonpolar 
molecules in water is low because the solute particles 
introd:t-1~~ ~nt:r:-Qpy_-}QW st.r_uc_tures -in the- water, although an 
alternative approach to this is that the solubility of 
nonpolar molecules in water is low due to the positive 
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"normal" enthalpy of mixing components of different nature, 
and that the formation of entropy-low (and energy low, 
"icelike"} structures in the solvent promotes solubility 
(Hvidt, 1983}. 
Data on the aqueous solubility of pesticides in the 
presence of a third component, such as an electrolyte, are 
also very i~portant, because the presence of this third 
component may substantially change the solubility, as in the 
case of the salting-out effect of sodium chloride and other 
salts present in seawater (May, 1980}. Salt effect studies 
can provide considerable information of theoretical 
importance concerning the complex interactions of ions and 
neutral molecules and the unique nature of water as a 
solvent. The data also have application to such related 
problems as kinetic salt effects and mechanisms of 
reactions. They have a practical bearing on the separation 
of nonelectrolytes from water solutions by salting-out 
processes (Long and McDevi t, 1952}. 
Most theories proposed to explain the observed effect 
of salts on the solubility of nonelectrolytes were 
electrostatic in nature. All of these theoretical 
approaches are similar and treat the solvent as a continuous 
dielectric medium containing ions and solute molecules 
(Shoor and Gubbins, 1969}. The salt effect was supposed to 
arise from the change in the electrical energy of a salt 
~ol~fi~n resulting from changes in the relative permittivity 
of the solvent caused by the presence of the nonelectrolyte 
(Aveyard and Heselden, 1975}. A quantitative test of these 
21 
theories is difficult because the equations involved usually 
contain parameters which are not readily available. In 
addition, some quanti ta ti ve aspects of salting effects are 
not satisfactorily explained by such theories even in dilute 
electrolyte solutions. The failure of the electrostatic 
theories can be attributed to the oversimplification of 
treating the solvent as a continuous dielectric medium, and 
that observed salt effects can be adequately accounted for 
only if the solute-solvent molecular interactions are 
explicitly introduced into the theory (Shoor and Gubbins, 
1969). 
Setchenov found an empirical relationship between the 
magnitude of the salting-out effect and the concentration of 
the salt. According to Treiner and Chattopadhyay (1983), the 
Setchenov constant of a non-electrolyte, k~, may be defined 
by 
as me and mn approach to zero; where f is the chemical 
potential, m is the concentration on a molal scale basis, 
and e and n stand for electrolyte and non-electrolyte, 
respectively. 
Another way of expressing the Setchenov constant is 
(Battino et al., 1983): 
( 4) 
where Si and S~ are the solubilities and &i and &~ are the 
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activity coefficients of the nonelectrolyte in the salt 
solution and pure solvent respectively, Cs is the 
electrolyte concentration and K is a constant, which 
according to Paul (1952) depends upon the particular 
electrolyte, as well as upon the non-electrolyte whose 
solubility is involved. In general, when the solubility is 
sufficiently high, K may include an effect of self-
interaction associated with change of the non-electrolyte's 
activity coefficient with significant change in its own 
concentration as the electrolyte is added. In our case, 
where in view of the low solubility of the pesticide, self 
interaction terms may be regarded as negligible, the 
Setchenov constant K may be identified with true salting-out 
constants k~ of the various electrolytes (Paul, 1952). The 
distinction between k~ and the overall Setchenov parameter K 
becomes particularly important when comparing the salting-
out of a non-electrolyte of low solubility with one of high 
solubility (Long and McDevit, 1952). Treiner (1981) has 
recently observed for some organic solutes (nonpolar and 
polar) that the k~ is a monotonic function of the solute 
size and that the nonelectrolyte dipole moment plays no 
role. 
A variety of theories have been use to calculate k~, 
with the McDevit and Long theory (MLT) and the scaled-
particle theory (SPT) being the most useful in this context. 
McDevit and Long proposed a theory based on a 
thermodynamic approach that relates the changes in 
solubility of nonelectrolytes to the electrostriction of the 
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solvent and the partial molal volume of the nonelectrolytes 
where Vi is the partial molar volume of the solute at 
infinite dilution and may reasonable be taken as the molar 
volume of the pure solute, Vm, when V~ data are lacking, 
since V~ and Vm are frequently similar in magnitude. V~ is 
the partial molar volume of the salt at infinite dilution; 
Vs is the volume occupied by the salt as a liquid (the 
intrinsic volume). The difference, 
electrostriction of the solvent caused by the salt and is 
proportional to the effective pressure, Pe exerted by the 
salt in . solution; (3 0 
(Almeida et al., 1983). 
is the compressibility of water 
According to the MLT, the non-polar solute has to a 
first order approximation the effect of modifying the 
interaction between the solvent water molecules and the ions 
of the electrolyte merely by occupying volume. The salting-
out parameter for a given electrolyte acting on a non-polar 
non-electrolyte should then be proportional in a first 
approximation to the non-electrolyte's own molal volume (in 
the liquid state), and for different electrolytes should 
depend on the relative extents of interaction between 
solvent and ions, as measured for example by the contraction 
in volum~ accompanying dissolution of the electrolyte (Paul, 
1952). Thus, this theory predicts an increase in k~ with an 
increase in the liquid molar volume of the nonelectrolyte 
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solute (Schwarz, 1977). 
The treatment of McDevit and Long is somewhat 
reminiscent of the much earlier concept of Tamman of an 
"internal pressure". He defined the increase in internal 
pressure of a salt solution in terms of the external 
pressure that would have to be applied to pure water in 
order to make properties such as the temperature of maximum 
density the same as for the salt solutions (Saylor et a l., 
1952). 
In the SPT, the Setchenov constant is formally 
presented as the sum of three terms: a cavity term, an 
interaction term and a term which takes into account the 
transformation of concentration scales when transferring a 
solute from the gas to the liquid phase (Treiner and 
Chattopadhyay, 1983): 
k~ = k(cav) + k(int) + k(trans). ( 6) 
The theory is a function of the hard-sphere diameter ~' the 
energy parameter E/k, the polarizability ~ of all components 
and the standard partial molal volume of the electrolyte in 
the sol vent. 
Recent studies on the salting behavior of alcohols, 
tetrahydrofuran, acetonitrile, and cyclohexanone have shown 
that SPT is actually the most succesful theory for the 
prE!diction of t_he ~etchenoY cons_tant of- a polar- solute in an 
inorganic salt solution (Almeida et al., 1983). 
The SPT is based upon the properties of the exact 
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radial distribution functions, which yield an approximate 
expression for the reversible work required to introduce a 
spherical particle into a fluid of spherical particles. The 
theory considers the case of a system of (N-1) particles 
obeying a pairwise additive potential, coupling one 
additional particle obeying the same potential to this 
system by the procedure of distance scaling. Although the 
radial distribution function is not known, it emerges that 
for hard sphere particles the only part of the radial 
distribution function which contributes to the chemical 
potential of the fluid is that part which determines the 
number density of particles in contact with the hard sphere 
particle. Unfortunately, for soft sphere molecules the 
theory rapidly becomes too complicated, although it is 
possible to treat the soft potential as a perturbation to 
the treatment of hard spheres (Pierotti, 1963). 
According to the SPT, the entropy of cavity formation 
is the factor that gives rise to the large entropies 
associated with the formation of aqueous solutions. Thus, 
in the vicinity of room temperature, or below, the free 
energy of cavity formation is almost entirely manifest in 
the entropy term, whereas in the common organic solvents it 
is manifest almost entirely in the enthalpy term. This 
implies that the cavity formation process for water is 
dominated by a structural change in the solvent accompanied 
by only small changes in the internal energy of the solvent, 
while for organic solvents very minor changes take place and 
the process is dominated by changes in the internal energy 
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of the solvents (Pierotti, 1965). 
Unlike many of the electrostatic theories, the SPT 
makes no appeal to assumptions concerning solvent structure, 
ionic hydration, etc. In addition, the ionic charge has 
little direct influence on salting-out. The most important 
effect of such charges appears to be in determining the 
density of the electrolyte solution (Shoor and Gubbins, 
1969) 0 
The McDevit and Long and scaled-particle theories seem 
the most successful approaches for the salt effect in 
aqueous solutions; but both of them suffer from a number of 
weaknesses: the properties of the solvent are introduced in 
the theories through an experimental quantity, the standard 
molar volume of the electrolyte in that solvent. There is 
no (MLT) or inadequate (SPT) introduction of short-range 
ion-solute interaction forces. The dependence of the k~ 
values on the choice of particle size is large for SPT 
(Treiner and Chattopadhyay, 1983). Of the approximations 
involved in the SPT, the basic assumption that molecules 
possess hard cores seems the most serious, and may lead to 
predicted heats of solution that are too high (Shoor and 
Gubbins, 1969). Nevertheless, it has been shown that both 
theories are capable of predicting with reasonable or 
excellent accuracy the salting constant of non-polar 
molecules in a_queous inor-ganic salt solut:ions,- with some 
superiority of the SPT over the MLT in some cases (Treiner 
and Chattopadhyay, 1983). 
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4} Spectrophotometric studies of pesticides 
A review of the literature shows that most of the 
spectroscopic studies of pesticides relate more with the 
residue analysis, than with the 1 uminescence properties of 
these compounds, or, as in this work, with the use of 
spectroscopic techniques for the calculation of 
thermodynamic and kinetic parameters. 
According to our review, spectrophotometric analysis 
has been in use for many years. In 1946, Herriot developed 
a spectrophotometric method for the determination of p,p'-
DDT. Hirt and Gisclard (1951} used ultraviolet spectroscopy 
for the detection of small quantities of parathion in the 
atmosphere. Jennings and Edwards (1953} explored the 
ultraviolet spectral transmittance of methoxychlor, an 
analog of DDT, in the 200 to 300 nm region. Dranovskaya et 
al. (1971} measured the concentration of DDT in air by 
spectrophotometric determination in the UV region. In 1971, 
Gore et al. published the infrared and ultraviolet spectra· 
of 76 pesticides. Sustek and Livar (1978} described a 
method for the determination of all three main components of 
pyrazon without any preliminary separation even in the case 
where the spectra of the components overlap. Farrington et 
al. (1983} described a spectrophotometric method for the 
determination of the active-ingredient content of technical 
and formulated DNOC and dinoseb, and technical dinobuton. 
The luminescence properties of pesticides, specifically 
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of carbamates, are discussed in more detail in section I.B. 
5) Relationships between solubility, octanol/water partition 
coefficient, carbon content, and bioconcentration factor 
By definition, the partition coefficient (Kp) expresses 
the equilibrium concentration ratio of an organic chemical 
partitioned between an organic liquid and water. In the 
same way, water solubility (S) can be regarded as the 
partition of a chemical between itself and water, and 
bioconcentration factors (BCF) as a partition between water 
and the lipid and protein phases in an organism (Briggs, 
19 81). Consequently, one would suspect that a correlation 
might exist between partition coefficients and aqueous 
solubility. 
The partition coefficient will be constant only if a 
non-associated molecular species were being considered as 
partitioned between the two phases. Considered in this 
light, partitioning could be treated by classical 
thermodynamics as an equilibrium process where the tendency 
of any single molecular species of solute to leave one 
solvent and enter another would be a measure of its activity 
in that solvent and would be related in the usual fashion to 
the other commonly measured activity functions such as 
partial pressure, osmotic pressure, and chemical potential 
(Leo et al., 1971). 
The octanol/water partition coefficient (Kow), is an 
important parameter to model the fate and transport of 
organic molecules in the environment. The ability of 
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organic compounds to bioconcentrate in the marine 
environment was found to be dependent upon the concentration 
distribution of molecules between lipid and aqueous phases. 
This distribution can be correlated to Kow' which has been 
demonstrated to be an important parameter in bioaccumulation 
and biotransport (Tewari et al., 1982). 
One of the main reasons behind the choice of 
octanol/water as the reference system is the fact that it is 
the system with the largest number of measured values 
containing the widest selection of functional groups (Leo et 
al., 1971). 
Table I shows a number of equations taken from the 
literature (eq 7-73), which show the relationship followed 
by some of the parameters mentioned above. 
Briggs (1973) reported the good relationship existent 
between organic matter/water partition coefficie~t (K 0 m) and 
octanol/water partition coefficient, which supported the 
hypothesis that organic matter behaves like an organic 
"solvent" (see eq 40). 
Neely et al. (1975) found that the bioconcentration of 
several chemicals in trout muscle followed a straight line 
relation~hip with partition coefficient, where 
bioconcentration is defined as the ratio of the 
concentration of the chemical between trout muscle and the 
expost1re wa_ter measu:r;ed at equili0rium (see eq 58). 
The ability of some chemicals to move through the food 
chain resulting in higher and higher concentrations at each 
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Table I: Equations found in the literature for correlation 
between water solubility, soil sorption 
coefficients, octanol water partition coefficients, 
and bioconcentration among others (For explanation 
of the symbols, see Appendix 2). 
Eq # Correlation Equation 
( 7) 
( 8) 
( 9) 
(11) * S-K -T ow m 
logS=4.184-0.922logK0 w 
r 2 =0.74 
n=90 
S in ppm 
logS=-0.88logK0 w-0.01Tm-0.012 
r2=0.9791 
n=32 
s=0.251 
S in moles/L 
Tm in °C 
logS=-logK0 w-0.01Tm+0.50 
r 2 =0.978 
n=32 
s=0.251 
S in moles/L 
Tm in °C 
logS=-1.05logK 0 w-0.012Tm+0.87 
r 2 =0.979 
n=155 
s=0.38 
S in moles/L 
Tm in °C 
logS=-0.38-logK 0 w-(0.01Tm-0.25) 
S in mQles/L 
Tm .in °c 
logS=0.01-logK0 w-(0.01Tm-0.25) 
r 2 =0.83 
Ref 
(a) 
(b) 
(b) 
(c) 
(d) 
(d) 
Table I: (Continued) 
Eq # Correlation Equation 
(13)* S-K -T ow m 
(15) S-K0 c 
(16) S-BCFf 
(17) S-BCFt 
(18) S-TSA-T 
... - .. - ... m 
n=105 
S in moles/L 
Tm in °C 
logS=-1.016logK0 w-0.01(Tm-25}+0.51 
S in moles/L 
Tm in °c 
logS=-0.944logK0 w-0.01Tm+0.323 
r 2 =0.956 
n=162 
s=0.0342 
F=1742 
S in moles/L 
Tm in °c 
logS=5.09-1.28logK0 c 
r 2 =0.71 
n=106 
S in ppm 
logS~2.531-0.916logBCFf 
r 2 =0.52 
n=36 
S in ppm 
logS=1.903-0.690logBCFt 
r 2 =0.44 
n=SO 
S in ppm 
logS=-0. 0282 ('I'SA-)~0 .. 0095Tm+l. 42 
r 2 =0.9756 
n=32 
8=0.271 
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Ref 
(e) 
(e) 
(a) 
(a) 
(a) 
(b) 
Table I: (Continued) 
Eq # Correlation Equation 
( 19) S-b-T -P m 
S in mol1s/L 
TSA in ~ 
logS=l.2b-0.0132P-0.01Tm+1.12 
r 2=0.88 
n=38 
S in moles/L 
logK0 w=5.00-0.670logS 
r 2=0.970 
n=34 
F=1030 
S in micromol/L 
logK0 w=4.158-0.800logS 
r 2 =0.74 
n=90 
S in ppm 
logK0 w=5.2-0.68logS 
r 2=0.88 
n=65 
S in micromol/L 
logK0 w=-1.070+1.358logK 0 c 
r 2=0.74 
n=45 
logK 0 w=2.312+0.809logBCFf 
r 2 =0.76 
n=26 
logK0 w=2.070+0.731logBCFt 
r 2=0.58 
n=36 
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Ref 
(d) 
(f) 
(a) 
(g) 
(a) 
(a) 
(a) 
Table I: (Continued) 
Eq # Correlation Equation 
( 3 0) 
(33) 
K -P-b ow 
K -V-§*-B ow 
logK 0 w=0.0303(TSA)-1.389 
r 2 =0.974 
n=32. 
s=0.170 
TSA in ~ 2 
logK0 w=6.5-0.89logS-0.015Tm 
r 2 =0.92 
n=65 
S in micromol/L 
Tm in °C 
lnK 0 w=7.494-lnS+6.79(1-Tm/T) 
n=45 
S in mol/m3 
Tm in °c 
logK0 w=0.012P-1.2b 
logK0 w=O.OllP-1.2b-0.18 
r 2=0.90 
n=26 
logK0w=l.056(±0.026)log&~-0.768(±0.100) 
r 2 =0.990 
n=18 
&~ in volume fraction basis 
logK0w=0.944(±0.018)log&~-0.311(±0.066) 
&~ in volume fraction basis 
-
logK0 w=0.24(±0.18)+2.66(±0.12)V/lOO 
-0.9b l±O.ll) !*-3.38 (±0.12)B 
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Ref 
(b) 
(g) 
(h) 
(d) 
(d) 
( i) 
( i) 
( j) 
Table I: (Continued) 
Eq # Correlation Equation 
( 3 6) * K -s oc 
(38)* K -S-T om .m 
r 2 =0.982 
n=47 
s=0.18 
logK0 m=4.040(±0.038)-0.557(±0.012)logS 
r 2 =0.988 
n=15 
S in rnicromol/L 
logK0 c=3.64-0.55logS 
r 2 =0.71 
n=106 
S in ppm 
logK0 c=3.1-0.5logS 
S in ppm 
logK0 c=4.273-0.686logS 
r 2=0.933 
n=22 
S in micrograms/mL 
logK0 m=0.3-0.52(logS+(0.01Tm-0.25)] 
S in moles/L 
logK 0 m=0.8-0.5l(logS+(0.01Tm-0.25)] 
r 2 =0.77 
n=105 
S in moles/L 
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Ref 
(k) 
(a) 
(d) 
( 1) 
(d) 
(d) 
logK 0 m=0.524(±0.048)logK0 w+0.618(±0.113) 
i- 2 ~-()-. 8 4 { m) 
n=30 
(d) 
Table I: (Continued) 
Eq # Correlation Equation 
( 4 3) Kom-Kow 
(44) Kom-Kow 
(45) Kom-Kow 
(46) Kom-Kow 
(48)* Koc-Kow 
(49) Koc-Kow 
(51) K -P-b om 
(54) BCF-S 
logK0 m=0.52logK0 w+0.64 
r 2 =0.90 
n=105 
logK 0 m=0.52logK0 w+0.69 
logK 0 m=0.52logK 0 w+0.78 
logK 0 m=0.53logK 0 w+0.98 
logK0 m=0.50logK0 w+0.62 
r 2=0.98 
n=S 
logK0 c=1.377+0.544logK 0 w 
r 2=0.74 
n=45 
logK0 c=0.52logK0 w+0.65 
logK0 c=logK0 w-0.317 
r 2=0.980 
n=22 
logK 0 m=0.0062(P-100b)+0.41 
logK0 m=0.0062(P-100b)+0.58 
r 2 =0.85 
n=38 
logK 0 c=1.963+0.681logBCFf 
r 2 =0.76 
n=13 
logK 0 c=1.886+0.681logBCFt 
.r2 ;,o. 83 
n=22 
logBCF=3.41-0.508logS 
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Ref 
(d) 
(d) 
(d) 
(d) 
(d) 
(a) 
(d) 
( l ) 
(d) 
(d) 
(a) 
(a) 
(f) 
Table I: (Continued) 
Eq # Correlation Equation 
(55)* BCF-S 
(58) BCF-K0 w 
(59) BCF-K0 w 
(60)* BCF-K 0 w 
(61) BCFf-Kow 
r 2 =0.930 
n=7 
F=66.6 
S in micromol/L 
species is Salmo gairdneri 
logBCF=3.04-0.68logS 
S in ppm 
logBCFf=2.791-0.564logS 
r 2 =0.52 
n=36 
S in ppm 
logBCFt=2.183-0.629logS 
r 2=0.44 
n=50 
S in ppm 
logBCF=0.542logK0 w+0.124 
r 2=0.948 
s=0.342 
F=0.999 
species is Salmo gairdneri 
logBCF=0.66logK 0 w-0.44 
logBCF=0.68logK0 w-0.4 
logBCFf=0.935logK0 w-1.495 
2_ 
r -0.76 
n=26 
logBCFt=0.767logK0 w-0.973 
r 2 =0.58 
n=36 
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Ref 
(d) 
(a) 
(a) 
(n) 
(d) 
(d) 
(a) 
(a) 
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Table I: (Continued) 
Eq # Correlation Equation Ref 
( 63) BCF 1-K0 w 
( 6 4) * BCFp-Kow 
( 65) BCFp-Kow 
( 6 6) * BCF-K0 c 
( 6 7) BCFt-Koc 
(71) BCF-BCF 
(72) BCF-BCF 
logBCF 1=logK0 w-1.5 
logBCFp=0.62logK 0 w+0.46 
logBCFp=0.56logK0 w+0.1 
logBCF=1.25logK 0 c-1.22 
logBCFt=1.119logK 0 c-1.579 
2_ 
r -0.76 
n=13 
logBCFt=1.225logK 0 c-2.024 
r 2 =0.83 
n=22 
logBCFf=0.024+1.074logBCFt 
r 2=0.76 
n=20 
logBCFt=0.717+0.703logBCFf 
r 2 =0.76 
n=20 
(d) 
(d) 
(d) 
(d) 
(a) 
(a) 
(a) 
(a) 
log(fish BCF)=0.0431+1.001log(Daphnia BCF) 
r 2=0.681 (a) 
n=17 
log(Daphnia BCF)=0.987+0.679log(fish BCF) 
r 2=0.681 (a) 
n=17 
log&w=3.5055+0.3417(N-6)-0.002640(N-6) 2 
n=32 (o) 
* predicted equation 
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Table I: (Continued) 
(a) Kenaga and Goring (1980); (b) Yalkowsky and Valvani 
(1979); (c) Yalkowski and Valvani (1980); (d) Briggs (1981); 
(e) Yalkowski et al. (1983); (f) Chiou et al. (1977); 
(g) Banerjee et al. (1980); (h) Mackay et al. (1980); 
(i)Tewari et al. (1982); (j) Karnlet et al. (1984); (k)Chiou 
et al. (1979); (1) Means et al. (1982); (m) Briggs (1973); 
(n) Neely et al. (1975); (o) Mackay and Shiu (1977). 
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trophic level has been termed biomagnification or 
bioconcentration. From an environmental point of view this 
phenomenon becomes important when the acute toxicity of the 
agent is low and the physiological effects go unnoticed 
until the chronic effects are noted. Due to the insidious 
nature of the bioconcentration effect, by the time chronic 
effects are noted, corrective action such as terminating the 
addition of the chemical to the ecosystem, may not take hold 
soon enough to alleviate the situation before irrepar~ble 
damage has been done. For this reason prior knowledge of 
the bioconcentration potential of new or existing chemicals 
is desired {Neely et al., 1975). 
Chiou et al. {1977) reported a satisfactory linear 
relationship between K0 w and the solubility, which extended 
to more than eight orders of magnitude in solubility and six 
orders of magnitude in K0 w {eq 16). This equation allows an 
estimate within one order of magnitude of the partition 
coefficient of a given compound from its aqueous solubility 
and covers many classes of chemicals from hydrocarbons and 
organic halides to aromatic acids, pesticides and PCB's. 
It also spans chemicals of different polarities {from 
nonpolar to polar) and of different molecular states {both 
liquid and solid). An equation relating bioconcentration 
factor with solubility {eq 54) was also developed by Chiou 
and coworkers {1977). 
- ----- --
Mackay and Shiu {1977) found a relationship {eq 73) 
between the infinite dilution activity coefficient {&w) and 
the number of carbon a toms {N). The average deviation in 
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log solubility is about 0.26 which corresponds to a factor 
of 1.8, but in some cases the deviation may be as high as a 
factor of 3. 
Chiou et al. (1979) presented data that supported the 
hypothesis that sorption by soil organic matter is 
essentially a partitioning process (dissolution) rather than 
physical adsorption. The equation developed by them (eq 34) 
covered more than seven orders of magnitude in S and four 
orders of magnitude in Kom· 
Yalkowski and Valvani (1979) developed several 
equations relating aqueous solubility of 31 polycyclic 
hydrocarbons and indan with the melting point ( T ) m and 
either molecular surface area (TSA) or K0 w (see eq 8, 9, 18 
and 26), where TSA is the sum of individual atoms or group 
surface area contributions. They also introduce a 
correction factor riecessary to account for crystal lattice 
interactions for solid substances by reasoning that the 
aqueous solubility of a crystalline solid is governed by 
three major factors: (1) the entropy of mixing; (2) the 
difference between the crystalline solid-water adhesive 
interactions and the sum of the solid-solid and water-water 
cohesive interactions; and (3) the additional solid-solid 
interactions associated with the lattice energy of 
crystalline solids, which are not applicable to liquids 
(Yalkowski and ya}_v_ani_t 1~8Q_). __ The_m_agnitud@ Gf the ef-fect 
of crystal interaction energy on solubility, according to 
Yalkowski and coworkers (1983), was dependent primarily upon 
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the melting point of the solute, and for rigid organic 
molecules this effect could be quantitated by 
(74) 
where the ratio represents the solubility expected for a 
crystalline material Sc, over that expected for a liquid s 1 . 
The equation developed by Yalkowski and Valvani (1980) 
and assuming 6G=0 is the following: 
( 75) 
where xr is the ideal solubility of a crystalline compound 
and 6Sf is the entropy of fusion. 
Banerjee et al. (1980) pointed out that a precise 
relationship between partition coefficients (Kp) and aqueous 
solubility must take into account factors such as the 
melting point, entropy of fusion, and the difference between 
solid and liquid heat capacities. Their results can be seen 
in eq 22 and 27. They also made the observation that use of 
the Chiou et al. (1977) correlation (eq 20), which does not 
differentiate between liquids and solids may result in 
serious error. 
Mackay et al. (1980) proposed the use of eq 28 for 
compounds of molecular weight smaller than 290 g/mol and 
excluding aromatic carboxilic acids and 2,4-D. 
Yalkowski and Valvani (1980) developed another equation 
relating ~queous solubility, octanol/water partition 
coefficient and melting point of crystalline organic 
nonelectrolytes. The solubility values spanned nine orders 
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of magnitude and the error in no case reached a factor of 
ten (see eq 10). 
Kenaga and Goring (1980) assembled a database for 170 
compounds having average values for bioconcentration factors 
in fish, soil sorption coefficients, water solubility and 
water partition coefficients. They adjusted these data to 
binary regression equations between the logarithms of these 
values, with correlation coefficients that were all 
significantly below the 1% level (see eq 7,15-17, 21, 23-25, 
35, 47, 52, 53, 56, 57, 61, 62, and 67-72). All the soil 
sorption coefficients were expressed on an organic carbon 
content basis (K 0 c). 
Briggs (1981) made different types of predictions with 
good results using the Collander relationship between K1 for 
solvent 1 and K2 for solvent 2 
log K1 = ( 6W1 / 6W2 ) logK0 w- ( 6W1 / 6W2 ) log (W 2 /Waq) + 
log(W1 /Waq) ( 76) 
where w1 , w2 and Waq are the water concentrations in solvent 
1 , 2, and water respective 1 y; 6W 1 and 6W 2 are the 
differences Waq-w 1 and Waq-w 2 , respectively, and solvent 
2=octanol (see eq 11, 29, 36, 38, 41, 48, 50, 55, 60, 64, 
and 66). He also developed several equations relating 
organic matter adsorption in different kinds of soils with 
KQW'_ 1 ike eg 43 ba_E;e(l Qll. Aus_tralian soi-ls, e~ 44 based on 
Iowa soils and eq 45 based on Brazilian soils. When the BCF 
for living organisms was calculated, 15% protein and 5% 
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lipid content was assumed on a fresh weight basis (eq 59). 
The relationships included the parachor (P) and a parameter 
b, which takes different values according to the atoms 
present in the molecule (see eq 19, 29, and 30). Several 
other empirical equations were developed by him (see also eq 
12, 39, 42, 46, 51, 63, and 65). 
Means et al. (1982) investigated the sorptive behavior 
of three substituted polyaromatic hydrocarbon compounds on a 
group of 14 sediments and soil and found that it was 
independent of substrate pH, cation-exchange capacity (CEC), 
textural composition, or clay mineralogy, but they concluded 
that sediment/soil K0 c values could be reliable predicted 
from either the K0 w or the water solubility of the compound 
and from the organic carbon con tent of the individual 
substrates (see eq 37 and 49). 
Tewari et al. (1982) use a thermodynamic derivation to 
obtain a simple relationship between K0 w and S by employing 
solute activity coefficients based on volume fraction. Eq 
31 was the result of this fitting using only the parameters 
from aromatic hydrocarbons, while eq 32 was fitted 
considering all the compounds studied. 
Yalkowski et al. (1983) developed several equations 
relating water solubility with K0 w and Tm (see eq 13 and 
14), and they found that in the majority of cases the 
estimated value was within a factor of 3 of the observed 
value; 
Kamlet et al. (1984) correlated solubility properties 
for a series of nonprotonic solutes in protonic solvents, 
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using the solute solvatochromic parameters I* and B (derived 
to measure dipolar and hydrogen bond acceptor strengths of 
-pure bulk solvents) and V/100, with the latter being the 
mean molar liquid volume, which is the solute property that 
determines the magnitude of the cavity term. Looking at eq 
33 it is significant that the intercept is close to the 
theoretical value of 0.00 and that the standard deviaticn is 
well within the range of experimental error. 
B) Carbamates 
The main reasons we chose to work with carbamates were 
twofold: (1) some carbamates can be seen, at least 
structurally, as substituted polycyclic aromatic 
hydrocarbons (PAH), and therefore in a certain way this is a 
continuation of the work on naphthalene, pyrene, 
phenanthrene and anthracene started by Gold (1984) in this 
laboratory, and (2) environmentally it is important to study 
them, because of their wide usage. 
1) Carbamate insecticides 
The N-methyl carbamates form an important and 
interesting class of pesticides whose usage, as opposed to 
that of other pesticides such as the organochlorines, has 
increased considerably in recent years, due to their low 
toxicity and short residence time (Addison et al., 1974). 
The sUcc-esf-uf develo-pment of organophosphorus 
pesticides stimulated examination of other compounds known 
to possess anticholinesterase activity. One such compound 
45 
was the alkaloid physostigmine, the active ingredient in 
calaban beans. The physiological properties of this 
alkaloid were supposed to be based on the 
phenylmethylcarbamate part of the structure and led to the 
discovery of a number of parasympathomimetic drugs including 
neostigmine. The compounds being strong bases are protonated 
in aqueous solution and therefore have very low lipid 
solubility. Consequently they are unable to penetrate the 
ion-impermeable sheath surrounding the insect nervous 
system. In 1951 a carbamate, isolan, was introduced in 
which the N-substituted carbamate part of the molecule was 
attached to a less basic, more lipophilic moiety. A 
monomethylcarbamate, carbaryl, was introduced in 1956 and 
in 1968 pirimicarb, a dimethylcarbamate containing a 
pyrimidine nucleus, was introduced to the market with the 
advantage of a lower mammalian toxicity (Cremlyn, 1978). 
Carbamate insecticides developed as relatives of the 
esterine enzyme cholinesterase (ChE) inhibitor 
(Physostigmine) and they have an analogous action, 
carbamylating rather than phosphorylating the enzyme. The 
ChE recovers more readily from carbamates than from 
organophosphorus compounds. Carbamates may also block the 
receptors through which acetylcholine (ACh) performs its 
normal function of transmitting the nerve impulses across 
"the· synapse (Brown-, ·1978);-
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a) Spectrophotometric studies 
The majority of the carbamate molecules absorb 
radiation available in the solar region, i.e., at 
vJavelengths longer than 300 nm (Addison et al., 1974). 
The identification of metabolites of carbaryl in plants 
have been carried out by mass and ultraviolet spectroscopic 
analyses. Mumma et al. (1971), and Chiba (1977) developed a 
rapid ultraviolet spectrophotometric method for determining 
benomyl, one of the most widely used systemic fungicides, 
and its degradation compound, methyl 2-
benzimidazolecarbamate (MBC), which is also fungi toxic. 
Hylin et al. (1978) proposed an ultraviolet absorption 
method for the measurement of maneb. Chiba (1979) developed 
a rapid spectrophotometric method for the determination of 
benomyl and MBC simultaneously. Handa (1980) used the 
quantitative color reaction of dilute nitric acid and 
carbofuran phenol for determining carbofuran, a systemic 
insecticide which is highly toxic to mammals. 
From the few studies on the luminescence properties of 
carbamates, we know that all the carbamates strongly 
fluoresce suggesting that the excitation of the]-]* 
singlet is strongly allowed (Addison, 1979). Addison et 
al. (1977) recorded the fluorescence emission and excitation 
spectra in EPA solution of six 0-phenyl-N-methylcarbamates 
·· ( plie rim ec, 1 and r in, mat a c i 1, z e c t ran, met a crate and 
carbaryl). It was observed that alkyl substitution on 
phenmec caused a shift of the parent peak to the red in 
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fluorescence and in phosphorescence. A dimethyJ amino group 
substituted on phenmec contributed to further red shifts At 
77 K, however, this general increase in red shift with 
increasing substitution was not observed. Addison (1979) 
found that alkyl substitution of the parent molecule in 
phenyl-N-methylcarbamates caused an increase in the 
fluorescence lifetimes and that the latter depended on the 
position of substitution. The major effect of the 
conjugatively electron donating substituents was to increase 
the radiative t_ransi tion probabi 1 i ties in either direction 
* between s 0 and s 1 so that emission competes more effectively 
with radiationless deactivation and the excited state 
lifetimes are relatively shorter. 
Semeluk and Unger (1978) observed that while the 
fluorescence quantum yield (mf) of the carbamates phenmec, 
metacrate, landrin, carbaryl, matacil and zectran varied by 
at most a factor of four, the fluorescent lifetimes vary by 
as much as two orders of magnitude. Addison et al. (1977) 
found that mf varied with excitation wavelength, and that 
this shifted with changes in temper~ture, indicating that 
different vibronic levels have widely different emission 
efficiencies. It was further observed that as the symmetry 
of the benzene ring was reduced by the addition of one or 
more methyl substituents, the symmetry forbiddenness of the 
transition VIas_ J:elc:l._~ed which incr_eased -the va 1 ue of the 
molar extinction coefficient and increased the fluorescence 
yield. The explanation for this seemed to be twofold: (1) 
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the rate constant for fluorescence increased and therefore 
fluorescence could compete more favorably with other non-
fluorescence processes; and (2) the methyl groups, by steric 
hindrance, reduced the concentration quenching and excimer 
formation. 
No solvent effect was observed in either ethanol or 
cyclohexane solutions for the lifetimes of phenyl-N-
methylcarbamates (Addison, 1979). 
The spectral distributions of the phosphorescence 
emission of the carbarnates phenmec, landrin, matacil, 
zectran and metacrate were nearly identical, which indicated· 
that the spectra were insensitive to molecular symmetry and 
geometry. The phosphorescence excitation spectra of all the 
carbama tes, with the exception of phenmec, were nearly 
identical to the corresponding fluorescence excitation 
spectra, showing that intersystem crossover occurs from the 
same level of the first excited singlet state as does 
fluorescence (Addison et al., 1977). On the other hand, 
Kumar et al. (1977) found that some members of the 
pesticidal carbamates displayed only phosphorescence. 
Included in this group were the phenyl-N-methylcarbamates 
azak, dazak, mesurol and meobal. According to their 
findings, the phosphorescent lifetimes of the four 
carbamates increased with each successive half life. Also 
they found that phosphorescence lifetimes vary 
syste-maticaTii with solvent and that ortho- or para-alkyl 
substitution leads to a decrease in fluorescence and meta 
substitution has the opposite effect. 
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b) Degradation products 
One of the moieties commonly present in pesticides is 
the ester linkage and this includes all of the 
organophosphate and carbamate insecticides as well as 
pyrethroids (Matsumura, 1982). The result is the cleaving 
of the molecule by the addition of water, usually forming 
nontoxic products or products that can be detoxified by 
conjugation (Dorough and Ballard, 1982). 
In mammals, carbamate insecticides are hydrolyzed by 
esterases to form carbamic acid, which instantaneously 
decomposes to carbon dioxide and methyl- or dimethylamine. 
The carbamate ester bond is usually relatively stable in 
plants and insects, but is hydrolyzed in rats, sheeps, 
guinea pigs, and dogs. However, carbaryl is fairly 
resistant to hydrolysis in monkeys and pigs (Dorough and 
Ballard, 1982). 
According to Matsumura (1982) there is a considerable 
body of evidence that hydrolytic activities are much more 
prevalent in the microbial world than in any other 
biological group. 
Carbamates and ureas are the major classes of 
pesticides which react with nitrite to form nitrosamides. 
Many N-methyl carbamates have been nitrosated and the 
der iva_ti ve_~ i:_e§ted .for m_utag_eni-Gity a-nd ea re inogenicity. 
Thus far, the compounds tested have proven to be potent 
mutagens and animal carcinogens (Dorough and Ballard, 1982). 
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2) Carbaryl 
Carbaryl was one of the first synthesized carbamates, 
so it has been used a long time. It is also one of the most_ 
widely used pesticides. Its structure is similar to that of 
naphthalene (see Figure 1). These factors and the fact that 
there are very few studies of the thermodynamics of 
pesticides were responsible for the choice of this compound 
for the work reported here. 
Carbaryl is the common name for 1-naphthyl 
methylcarbamate (I). According to Chemical Abstracts 
carbaryl has the chemical name 1-naphthalenyl 
methylcarbamate (II) and the Registry Number [63-25-2]. It 
was introduced in 1956 by Union Carbide Corporation under 
the code number "Experimental insecticide 7744" and the 
trade mark "Sevin". It is made by the reaction of ]-
naphthol and methyl isocyanate, or of 1-naphthol, phosgene 
and methylamine, it is a white crystalline solid with a 
melting point of 142°C. It is soluble in most polar 
organic solvents such as dimethylformamide and dimethyl 
sulphoxide (Martin and Worthing, 1977). 
Carbaryl is readily degraded to give 1-naphthol and 
methylamine in aqueous solution. According to Addison and 
coworkers (1975), the phototransforrnation product of this 
pesticide in solution was also 1-naphthol under all the 
cund_i-~Iolis- .ST~1ldied~ in p-ola-r solvents, in addition to t.be 
naphthol, small amounts of naphthamides and naphthalene were 
produced. 
51 
Figure 1 
Structural formula of carbaryl 
0 H 
II I 
O-C-N-cH3 
1-Naphthyl N-m~thylcarbamate 
Carbaryl, Sevln, Experimental 
Insecticide 7744, Arylam Vl 
IV 
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Although carbaryl can be considered an c<.-substi tuted 
naphthalene (Semeluk and Unger, 1978), Addison et al. (1977) 
state that it is not because the fluorescence spectrum of 
this pesticide does not show the vibrational structure 
characteristic of substituted naphthalene compounds. 
Devgun and Semeluk (1979) found that the carbaryl 
molecule undergoes P-type delayed fluorescence without 
delayer excimer fluorescence, a fact which relates carbaryl 
to naphthalene in much the same way that 9,10-diphenyl 
anthracene relates to anthracene. 
Carbaryl is a very versatile pesticide, and it can be 
used in terrestrial as well as in aquatic environments. For 
example, application of carbaryl at 2 lb/acre to grassland 
had no effect on populations of the deer Mus or Microtus, 
but did reduce the population of the cotton rat (Sigmodon). 
When applied at 1.25 lb/acre to a deciduous forest in New 
York State to control gypsy moth, carbaryl had no detectable 
effect on the abundance, condition and reproduction of the 
small mammal fauna, frogs, toads, snakes, salamanders and 
young birds (Brown, 1978). 
In the aquatic environment carbaryl has been employed 
to control the pests and predators of the oyster, 
particularly starfish (Echinodermata), oyster drills 
(Mollusca), and among Crustacea the ghost shrimp and mud 
shrimp. It can also inhibit tlJ.e clE!Ve}_Qgment of clam eggs at 
1 ppb and can kill marine molluscs like the Pacific oyster 
Crassostrea gigas and the bay mussel Mytilus edulis. The 
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cockle clam Clinocardium nutalli is more susceptible to 
carbaryl than the hard clam Mercenaria mercenaria, since all 
its larvae are killed by a 7-day exposure to 0.8 ppm, and 
0.4 ppm reduces the larval growth rate. It is interesting 
that for this mollusc the metabolite 1-naphthol is slightly 
more toxic than the original carbamate (Brown, 1978). 
The persistence of this pesticide in water and seawater 
is a function of a number of factors already mentioned in 
the preceeding sections. As an example, carbaryl applied to 
Oregon estuaries to control the glass shrimp which are pests 
of Pacific oyster beds, had a half-life in seawater of 38 
days at 8°C, producing 1-naphthol, which was adsorbed on the 
bottom mud along with some intact carbaryl. This initial 
hydrolysis is chemical in nature, and bacteria are capable 
of it. The !-naphthol produced was readily degraded by 
aquatic bacteria such as P~~~~Q~Qg~~, ~~£!ll~~, 
Brevibacterium, and Flavobacterium, which used it as a 
source of carbon, but did not degrade carbaryl itself. In 
raw river water taken from the Little Miami river, Ohio, the 
percentage of carbaryl remaining undegraded after one week 
exposure was 5% (Brown, 1978). 
II. EXPERIMENTAL 
The compound studied in this work, 1-naphthyl-N-
methylcarbamate (carbaryl), was obtained from Chern Service 
as an analytical standard, with a stated purity of 99%. 
Sodium dodecyl sulfate (SDS) was supplied by BioRad as 
an electrophoresis purity reagent. The critical micelle 
concentration (erne) of this compound was determined by the 
conductivity method, using a YSI model 31 conductivity 
bridge with a 3401 cell. The erne value was (8.15±0.21)x103 
mol/L (see Figure 2). 
Methylene chloride, methanol, benzene, toluene, 
tetrahydrofuran (THF) and 1-octanol were obtained from 
Aldrich (Spectro Quality, Gold Label); ethyl acetate, 
hexane, carbon tetrachloride and dimethyl sulfoxide (DMSO) 
from Mallinckrodt (Spectroscopic Grade); N-N-
dimethylformamide (DMF) and cyclohexane from Matheson 
Coleman and Bell (Spectroquality) and dodecane from Aldrich 
(Analytical Grade). 
The salts NaF, KCl, KBr, NaCl, Na 2so 4 and CaC1 2 .4H 20 
were supplied by Alfa (Ultra Pure Grade); NaHco 3 , Srcl 2 , 
MgC1 2.6H 2o, H3Bo 3 and NaOH by J.T. Baker (Reagent Grade) and 
(CH 3) 4NBr (tetramethylammonium bromide) by Kodak (Analytical 
Grade). All the solutions used in this work were prepared 
with deionized water that \\79-.S_c1_i~tilled_ in an aLl--glass 
still (Corning model AG-2). 
All reagents were used as received without further 
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Figure 2 
Plot of conductivity against the concentration of sodium 
dodecyl sulfate. 
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purification. 
Natural and artificial seawater were used. The natural 
seawater was IAPSO standard seawater (Institute of 
Oceanographic Sciences, Surrey, England) with a stated 
chlorinity of 19.3770 parts per thousand (ppt). The 
artificial seawater was prepared according to the recipe 
given by Kester et al. (1967). 
A balance (Mettler model H51AR), with a weighing range 
of 0-160 g, and precision of ±0.01 mg was used for all the 
weighings. When the precision was not important or the 
weight of the object or substance exceeded 160 g, a 
Sartorius balance model 1265MP with a weighing range of 0-
400 g and a standard deviation reproducibility less than or 
equal to 0.002 was used instead. 
A Varian double-beam UV-VIS spectrophotometer model 
Cary 219, with a nominal slit of 0.5 nm was used to record 
all the absorption spectra. One millimeter mat_ched quartz 
cells were used. A special attachment to the cell holder 
allowed the use of a thermoregulated bath (Lauda, model 
D8/25) filled with propylene glycol and cooled by running 
tap water. The baseline was always recorded by running a 
spectrum with both cells (reference and sample) filled with 
the solvent used in the solution to be analyzed. 
A Perkin-Elmer model LS-5 spectrofluorimeter fitted 
with one centimeter quartz cell was used for all the 
luminescence spectra. The temperature of the cell holder 
was kept constant by using a thermoregulated circulating 
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bath Lauda model B-1. A nominal slit of 3 nm was used for 
the excitation and emission monochromators. 
All temperature measurements were done with a digital 
telethermometer (Bailey, model BAT-12), with a resolution of 
0.1°C and a temperature range of -100°C to +200°C. A 
thermocouple microprobe (Bailey, model IT-18) made of 
copper/Constantan Type T covered with teflon and with a 
temperature range of -273°c to +250°c was used in 
conjunction with this instrument. 
The pH was measured with a pH meter Corning model 125, 
with range 0-14, reproducibility of ±0.01 and an accuracy of 
±0.02 pH units. 
Solubility measurements for carbaryl in water and in 
NaCl and (CH 3) 4NBr solutions were made for the temperature 
range 5° to 45°C in 10°C increments. For Na 2so 4 and cac1 2 
solutions and for natural seawater and artificial seawater 
dilutions the experimental range was from 5° to 25°C. 
Except for the erne determinations that were calculated 
on a molar scale basis, all the solutions were prepared 
gravimetrically and in the molality scale, ranging from 0 to 
0. 75 molal for the electrolyte solutions. Spectroscopic 
measurements were corrected for temperature- and pressure-
induced volume changes in the solutions. 
calibration curves were done at 25°C. 
All the 
The following procedure was used in order to prepare 
solutions with different concentrations of both natural and 
artificial seawater: a stock solution of artificial seawater 
with a salinity of approximately 35 ppt was prepared. Next, 
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different dilutions were made by gravimetrically adding 
distilled water to a known amount of the stock solution. 
For natural seawater, the stock solution was the original 
IAPSO standard seawater. 
A) One atmosphere work 
The solubilit.ies of carbaryl in water and in 
electrolyte solutions at different temperatures were 
determined by using the method developed by May et al. 
(1978a and 1978b), May (1980), DeVoe et al. (1981), Tewari 
et al. (1982a and 1982b), May et al. (1983) and Velapo1di et 
al. (1983) at the U. S. National Bureau of Standards. 
The method is based on the generation of saturated 
solutions of nonelectrolytes by pumping water through a 
column packed with glass beads previously covered with the 
compound to be measured. In this column the surface area is 
greatly increased and the time necessary for saturation is 
decreased substantially. 
In our case 4.0 g of carbaryl were added to 100 g of 
glass beads (i.e. 4% w/w) 60/80 mesh (Alltech Associates) 
together with approximately 200 ml of methylene chlorjde. 
Then, the solution and the glass beads were transferred to a 
rotary evaporator (Brinkmann, model R110), where the 
methylene chloride was evaporated The beads were hand packed 
into a 100 cm 3 Allihn condenser with a water jacket of 300 
- --- - -- -
mm len-gth~ The condenser was connected to a thermoregulated 
circulating bath (Lauda, model B-1), with an operating range 
of 30° to 100°c, an accuracy of 0.03 °C and a pumping 
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capacity of 8 L/min. A block diagram of the system is shown 
in Figure 3. Each time a new column was prepared, 500 ml of 
distilled water at 50°C had to be pumped through the column 
in order to allow it to equilibrate. A Bodine NSI-34RH pump 
with an estimated flow rate of 2 mL/min was used for this 
purpose. Once the column was equilibrated, water or the 
electrolyte solutions were passed through and collected in 
the quartz cell for measurement. It was found by experience 
that 100 ml of each new solution at the initial temperature 
had to be pumped before collecting the first sample. In 
order for the solution to reach equilibrium, each time a 
new temperature was set, 30-35 ml of the solution had to be 
passed through the column before taking a sample. An 
immersion cooler (Neslab, Cryocool model CC-60II) was used 
to lower the temperature of the circulating water. A plot 
of absorbance against concentration was constructed and 
found that it obeyed the Lambert-Beer law, as can be seen in 
Figure 4. A similar plot for emission spectroscopy showed 
that a strong autoabsorption was present at concentrations 
higher than l.Ox1o- 4 mol/kg (Figure 5). 
B) High pressure work 
This part of the work was done with a custom bui 1 thigh 
pressure generator (HPG) assembled according to our 
specifications by the Stanford University machine shop. 
The high pressure generator showed in block diagram in 
Figure 6, is integrated by an air driven high pressure pump 
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Figure 3 
Schematic of the experimental system used for the 
determination of carbaryl solubilities. (1) liquid 
reservoir; (2) pump; (3) generator column; (4) 
thermoregulated circulating bath; (5) immersion cooler; (6) 
water bath; (7) water coolant inlet; (8) water coolant 
outlet; (9) liquid inlet; (10) sample outlet. 
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Figure 4 
Beer-Lambert plot for carbaryl in water at 25°C. 
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Figure 5 
Relative fluorescence vs. concentration plot for carbaryl in 
water, by emission spectroscopy at 25°C. 
0 
.---------------------------------------------.~ 
CD ~ .... C'll 
C'll C'll C'll C'll 
c 'r )6o, 
0 
C'll 
11 
('I') 
0 
..f 
10 
..f 
0 
ICi 
10 
coll'i 
' I 
.... 
67 
ttl 
.ac 
.... 
0 
E 
c 
c 
0 
.. ,. 
L. 
.. 
c 
., 
u 
c 
0 
u 
'=" >-
L. ,. 
..Q 
L. ,. 
~ 
Ot 
0 
_, 
68 
Figure 6 
Block diagram of the high pressure generator. (1) fluid 
reservoir; (2) filter; (3) pressure gauge; (4) shut-off 
valve; ( 5) high-pressure pump; ( 6) high pressure tubing; ( 7) 
three-way cross valves; (8) high pressure intensifier; (9) 
high pressure transducer; (10) high pressure outlet; (11) 
air inlet. 
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(Haaskel Eng. and Supply Co., model DHE-302), marked no. 5 
in the figure, which converts the approximately 30 psig 
compressed air input provided by a one HP air compressor 
(Sears, model 919-176210, not shown in the figure), into 
high hydraulic pressure, by means of a large area piston of 
nominal ratio 1:302. This pressure is further intensified 
with the aid of a 1:10 high pressure intensifier (Haaskel, 
model 15770-1) marked no. 8 in the figure. In order to 
separate the different sections of the generator and the 
high pressure cell, four non-rotating stem three-way cross 
valves (Aminco 44-19155, 100 000 psi) were used. These 
valves are identified with the no. 7 in Figure 6. 
The pressures were measured with a pressure transducer 
(Precision Sensors, model 6550-100, marked no. 9 in Figure 
6), to which a 9.8 V DC excitation potential was applied by 
a custom built power supply •. The output potential was 
measured with a Keithley 169 mul timeter. The pressure can 
then be calculated from a calibration table supplied by the 
manufacturer. Figure 7 shows the calibration curve 
constructed from this table. 
Without using the high pressure intensifier, it is 
possible to get an exit pressure of up to 9000 to 12 000 
psi, just by increasing the outlet pressure of the 
compressor. For higher pressures, the pressure intensifier 
has to be used. 
The system can be used safely to pressures up to 4 
kilobars, the limitation being the coupler (Autoclave 
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Figure 7 
Calibration curve for the high pressure transducer, based on 
values obtained with N.B.S. traceable laboratory standards. 
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Engineers} connecting the pressure transducer to the high 
pressure generator and which can only withstand 60 000 psi. 
All connections between the different components were 
made with seamless stainless steel super pressure tubing 
(1/4 inch, rated at 100 000 psi} from Aminco (Silver 
Springs, Maryland}. 
Distilled water was the pressure transmitting fluid 
used for all the experiments. To avoid dilution of the 
sample located in the high pressure optical cell (HPOC}, the 
volume included between valves C and D and the high pressure 
outlet was always filled with the solution to be analyzed. 
If valves A through D were shut, the HPOC could be carried 
under pressure to the Cary 219 spectrophotometer. In order 
to seal the contents of the cell and to avoid any decrease 
drops in pressure, a three-way valve was attached to the 
HPOC. The procedure followed for operating the HPG has been 
described elsewhere (Gold, 1984}. 
Before taking a spectrum, the HPOC had to be filled 
with distilled w~ter and run a baseline versus air in the 
reference beam. But because the high pressure cell by 
itself produced a spectrum, which cannot be removed by using 
the autobaseline mode of the Cary 219, a piece of opaque 
plastic, painted black to minimize stray light, with a hole 
of the same diameter as the opening of the optical axis of 
t-he_c-e-rr,- w-as used to keep the baselines in a low range of 
absorbances. 
Because the light path of the high pressure cell 
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changes depending on how tight the threaded plugs are, a 
spectrum of carbaryl at one atmosphere in both a one 
millimeter quartz cuvette and the HPOC, was taken before 
each high pressure experiment. In this way the light path 
in the HPOC can easily be calculated. 
Two cross-sectional diagrams of the HPOC are shown in 
Figure 8. The overall dimensions are 5.69 em in outer 
diameter and 3.71 em in height. A custom made cell holder 
aligned the optical axis of the high pressure cell with the 
sample beam of the instrument, and made it possible for the 
HPOC to be located reproducibly in the sample compartment of 
the Cary 219 spectrophotometer, which was covered with a 
light tight wooden box painted black to minimize scattered 
light. The ce 11 geometry is a mod if ica tion of the or ig ina 1 
design by Fichten (Rodriguez, 1978), which allows the use of 
the cell at_ low pressures witl1out leaks. Based on this 
design, several cells were build at the Stanford University 
machine shop, where they were heat-treated for hardness to a 
Rockwell C scale value of 50-55. 
The cell has two windows 0.635 em in diameter by 0.635 
em in length, ground optically flat on both ends. The 
optical windows are 60° taper Linde synthetic sapphires (A) 
made by Union Carbide and with a radius of 3.81xlo- 2 em on 
both edges to help prevent cracking under high pressure. 
Going from inside to outside of the HPQC, fit·st there 
is an "0" ring made of teflon followed by the sapphire, held 
in place by a mushroom plug (B), which in turn is supported 
75 
Figure 8 
Top and side cross sectional views of the high pressure cell 
for absorption spectroscopy. (A) sapphire windows; (B) 
mushroom plugs; (C) copper, teflon, and brass packing rings; 
(D) beryllium-copper rings; (E) threaded plug; (F) stainless 
steel jacket; (G) Aminco high pressure nut and connecting 
tube. 
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by thin packing rings made of copper, teflon and brass (C), 
prevented from extruding by two small beryllium-copper rings 
of triangular cross-section (D), which rest agair1st the face 
of a hardened support ring of the same material. A threaded 
plug (E) with a 10° tapered aperture hole to minimize 
shadowing held the support ring in place. The stem of the 
mushroom plug is backed up by this threaded plug in case it 
should suffer "pinch off" from the high pressures at the 
packing rings. 
I I I. RESULTS 
A) One Atmosphere work 
1) Spectroscopic characteristics 
Figure 9 shows the absorption, emission and excitation 
spectra of carbaryl in water at 2S°C. There are two 
distinct peaks in the absorbance spectrum, one located at 
269 nm and the maximum at 279 nm. The emission spectrum was 
obtained using an excitation wavelength of 280 nm and has 
the peak of maximum fluorescence at 33S nm. For the 
excitation spectrum the emission wavelength was 33S nm and 
the maximum is located at 279 nm. 
2) Solubility measurements 
Table II shows the solubilities of carbaryl in water 
and in NaCl and (CH 3 ) 4NBr solutions for the temperature 
range S0 to 4S°C, in Na 2so 4 and Cacl 2 solutions and in 
natural seawater (SW) and artificial seawater (ASW) 
dilutions for t.he temperature range S0 to 2S°C. Absorbance 
at 279 nm vs concentration data for carbaryl were fitted to 
a linear equation by the least-squares method, and the 
resulting equation 
A= (S.371±4.914)xl0-2+(S.61S±0.161)xl0 3 [carbaryl] (77) 
r 2 = 0.997S 
n = 5 
s = 5.197xlo- 2 
was used to calculate the solubility concentrations. These 
7Q 
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Figure 9 
Absorption (dashed line), emission (solid line) and 
excitation (dotted line) spectra of carbaryl in water at 25 
oc. 
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Table II: Solubility of carbaryl in water and in aqueous 
electrolyte solutions by· the generator column 
method. The estimated experimental error expressed 
as one standard deviation, is shown in 
parenthesis. The subscript c indicates 
solubilities corrected for the temperature induced 
volume changes. sm,.sm,s2 and sg stand for 
uncorrected and correcte~ solubility in the molal, 
mol fraction and ppm scales, respectively. 
(mol/kg) (mol/kg) 
Water 
5.0(0.2) 2.71 2. 71 (0.08) 
10.0(0.2) 3.16 3.15(0.09) 
15.0(0.2) 3.75 3.74(0.11) 
20.0 (0.2) 4.46 4.45 (0.13) 
25.0 (0.2) 5.21 5.21(0.18) 
30.0(0.2) 6.51 6.52(0.19) 
35.0 (0.2) 7.83 7.86(0.24) 
40.0 (0.2) 8.94 8.99(0.27) 
45.0(0.2) 10.06 10.06(0.31) 
NaCl m = 0.25592(3x10- 5 ) X = 
5.0(0.2) 2.26 2.25(0.06) 
10.0(0.2) 2.68 2.67(0.08) 
15.0(0.2) 3.14 3.14(0.09) 
20.0(0.2) 3.76 3.76(0.11) 
25.0(0.2) 4.50 4.50(0.13) 
m = 0.25478(3x10- 5 ) X -
30.0(0.2) 5.58 5.59(0.17) 
35.0(0.2) 6.48 6.51'(0.19) 
40.0(0.2) 7.49 7.53(0.22) 
45.0(0.2) 8.53 8.59(0.25) 
m = 0.50306(3x10-5) X = 
5.0(0.2) 1.98 1.97(0.06) 
.. 10.0(0.2) 2.29 2 .-2s-ro. 07) 
15.0(0.2) 2.73 2.72(0.08) 
20.0(0.2) 3.30 3.29(0.11) 
25.0(0.2) 4.00 3.97(0.12) 
4.86 (0.15) 
5.66(0.17) 
6. 73 (0.20) 
8.02 (0.24) 
9.42(0.33) 
11.82(0.35) 
14.28(0.43) 
16.39 (0.48) 
19.50(0.56) 
sP 
c 
(ppm) 
54 ( 2) 
63 ( 2) 
7 5 ( 2) 
89 ( 3) 
105 (4) 
131 (4) 
159 (5) 
182 (5) 
216 ( 6) 
4.5893x10- 3 (6x10- 7 ) 
4.10 (0.12) 45 ( 1) 
4.87(0.15) 54 ( 2) 
5.72(0.17) 63 ( 2) 
6.85(0.21) 76 ( 2) 
8.21(0.25) 91 ( 3) 
4.5689x10- 3 (6x10- 7 ) 
10.22(0.30) 113 ( 3) 
11.91 (0.35) 131 ( 4) 
13.81(0.41) 152 (5) 
15.78 (0.46) 173 (5) 
8.9814x10- 3 (6x10- 7 ) 
3.62(0.12) 40 (1) 
4.2 0 ( 0 .13) 46 ( 1) 
5.01(0.15) 55 ( 2) 
6.06(0.20) 66 ( 2) 
7.31(0.22) 80 ( 2) 
82 
Table I I: (Continued) 
-------·-----------------------------------------------------
t srnx10 4 smx10 4 sP c 
sxx10 6 c -------- -------- -----
(OC) (mol/kg) (mol/kg) c (ppm) 
------------------------------------------------------------
NaCl m = 0.50391(3x10- 5 ) X = 8.9963x10-3 (6x10- 7 ) 
30.0(0.2) 5.05 5.06(0.15) 9.33(0.28) 102 ( 3) 
35.0 (0.2) 5.82 5.84(0.17) 10.79(0.31) 118 (3) 
40.0(0.2) 6.71 6.74(0.20} 12.49(0.36) 13 6 ( 4) 
45.0(0.2) 7.58 7.64(0.23) 14.17(0.42) 154 ( 5} 
m = 0.75246(3x10-5} X = 13.3742x10-3(6xl0- 7 ) 
5.0(0.2) 1. 68 1.68(0.05) 3.11(0.10) 3 4 ( 1) 
10.0(0.2} 2.01 2.01(0.06) 3. 72 (0.11) 40 ( 1) 
15.0(0.2) 2.37 2.36(0.07) 4.39(0.13) 4 8 ( 1) 
20.0(0.2) 2.86 2.85(0.09) 5.30(0.17) 57 ( 2) 
25.0(0.2) 3.43 3.43(0.10) 6.38(0.19) 6 9 ( 2) 
rn = 75827(3x10-5) X = 13.4761x10-3(6x10- 7 ) 
30.0 (0.2} 4.29 4.30 (0.13) 8.02(0.24) 87 ( 3) 
35.0(0.2) 5.06 5.08(0.16) 9.49(0.29) 102 ( 3} 
40.0(0.2) 5.77 5.81(0.17) 10.86 (0.32) 117(3) 
45.0(0.2) 6.71 6. 76 (0.20) 12.66(0.37) 136 ( 4) 
Na 2so4 m = o.04987(1x1o- 5 ) X = 0.8976x10- 3 (3x10- 7 ) 
5.0(0.2) 2.68 2.67(0.08) 4.85(0.15) 54 ( 2) 
10.0(0.2) 3.08 3.07(0.09) 5.57(0.17) 6 2 ( 2) 
15.0(0.2) 3.55 3.55(0.11) 6.43(0.19} 71 ( 2} 
20.0(0.2) 4.19 4.18 (0.14) 7.60(0.26} 84 (3) 
25.0(0.2) 4.90 4.90(0.15) 8.91(0.27) 9 9 ( 3} 
m = 0.10158(1x10- 5 } X = 1.8266x10-3 (3x10- 7 
5.0 (0.2) 2.51 2.50(0.08) 4.56(0.14) 50 ( 2) 
10.0(0.2) 2.80 2. 79 (0.09) 5.10 (0.16) 56 ( 2} 
15.0(0.2) 3.22 3.21(0.10) 5.86(0.18) 65 ( 2) 
20.0(0.2) 3.81 3.80(0.12) 6.95(0.21) 76 ( 2) 
25.0(0.2) 4.44 4.44(0.13) 8.13(0.24) 8 9 ( 3) 
m = 0.15142(1x10- 5 ) X = 2.7205x10- 3 (3x10-7) 
5. 0(0 .2) 2.1'7 2 ~ 16 co-; o·n -3 :r_f7 ( o • 12 ) 4 4 ( 1) 
10.0(0.2} 2.48 2.47(0.07) 4.53(0.14) 50(2) 
15.0(0.2) 2.87 2.87(0.09} 5.26(0.16) 58 ( 2) 
20.0(0.2) 3.37 3.37(0.10) 6.19(0.18) 68 ( 2} 
25.0(0.2) 4.00 4.00(0.12) 7.36(0.22) 80 ( 2) 
Table II: (Continued} 
t 
CaC1 2 
5.0(0.2) 
10.0(0.2) 
15.0(0.2) 
20.0(0.2) 
25.0(0.2) 
5.0(0.2) 
10.0(0.2) 
15.0(0.2) 
20.0 {0.2) 
25.0(0.2) 
5.0(0.2) 
10.0(0.2) 
15.0(0.2) 
20.0 (0.2) 
25.0(0.2) 
5.0(0.2) 
10.0(0.2) 
15.0 (0.2) 
20.0 (0.2) 
25.0(0.2) 
30.0(0.2) 
35.0 (0.2) 
40.0(0.2) 
45;.0(0.2} 
5.0(0.2) 
10.0(0.2) 
15.0_(0.2) 
20.0(0.2) 
25.0(0.2) 
30.0 (0.2) 
35.0(0.2) 
40.0(0.2) 
(mol/kg) (mol /kg) 
m = 0.06122(2xl0- 5 ) 
2.73 
3.13 
3.63 
4.18 
4.93 
2. 72 (0.09) 
3.12(0.09) 
3.62(0.11) 
4.17(0.12) 
4.93(0.15} 
m = 0.07887(2x10-5 ) X = 
2.73 
3.11 
3.51 
4.09 
4.80 
2. 72 (0.08} 
3.10(0.11} 
3.50(0.11} 
4.08(0.12) 
4.80(0.14) 
m = 0.09997(2x10- 5 ) 
m = 
2.68 
3.00 
3.46 
4.04 
4.80 
3.31 
3.75 
4.26 
4.86 
5.66 
6.56 
7.70 
8.87 
10.33 
2.67(0.10) 
2.99(0.09} 
3.45(0.10} 
4.04(0.13} 
4.80 (0.14) 
3.30(0.10) 
3.74(0.11} 
4.26(0.13) 
4.85 (0.14} 
5.66(0.19) 
6.57(0.19) 
7.72(0.24) 
8.91(0.26) 
10.41(0.30) 
0.05211(1x1o- 5 X = 
3.35 
3.76 
4-.34 
4.99 
5.72 
6.80 
7.98 
9.45 
3.34(0.10) 
3.75(0.11) 
. 4-. 33(-()~ -13) 
4.98(0.16) 
5. 72 (0.18) 
6.81(0.20) 
8.01(0.23) 
9.49(0.28) 
4.93(0.16) 
5.66(0.17) 
6.56(0.20) 
7.57(0 •. 22) 
8.96(0.26) 
4.94(0.15) 
5.63(0.20) 
6.35(0.19) 
7.42(0.22) 
8. 73 (0.26) 
4.86(0.18) 
5.43(0.16) 
6.28(0.19) 
7.35(0.23) 
8".75(0.26) 
5.95(0.18) 
6.74(0.20) 
7.68(0.23) 
8. 76 (0.26) 
10.23(0.30) 
11.90(0.35) 
14.01(0.42) 
16.20(0.48) 
18.96(0.55) 
6.06(0.18) 
6.81(0.21) 
T. 8-6 CO • .2-4} 
9.06(0.28) 
10.40(0.32) 
12.40(0.36) 
14.61(0.43) 
17.36(0.51) 
sP 
c 
83 
(ppm) 
55 ( 2) 
63 ( 2) 
73 ( 2) 
8 4 ( 2) 
9 9 ( 3) 
55 ( 2) 
6 2 ( 2) 
70 ( 2) 
82 ( 2) 
9 7 ( 3) 
54 ( 2) 
6 0 ( 2) 
6 9 ( 2) 
81 ( 3) 
97(3) 
6 6 ( 2) 
75(2) 
8 6 ( 3) 
98 ( 3). 
114 (3) 
132 ( 4) 
155(5) 
179(5) 
209 (6) 
6 7 ( 2) 
7~(2) 
8 7 ( 3) 
100(3) 
115 (4) 
137(4) 
161(5) 
191 (6) 
84 
Table II: (Continued) 
------------------------------------------·--~---------------
t 
(mol/kg) (mol/kg) (ppm) 
------------------------------------------------------------
45.0 (0.2) 10.93 11.00(0.33) 20.16(0.60) 221 (7) 
(CH 3 ) 4NBr m = 0.10144(1x10- 5 ) X = 18.2414x10- 4 (2x10- 7 ) 
5.0(0.2) 3.63 3.62(0.11) 6.60(0.20) 73 ( 2} 
10.0(0.2) 4.09 4.07(0.14) 7.44(0.26) 82(3) 
15.0(0.2) 4.47 4.46(0.14) 8.16(0.26) 90 (3) 
20.0(0.2) 5.21 5.20(0.15} 9.52(0.28} 105(3) 
25.0 (0.2) 6.00 6.00(0.18) 10.98(0.32} 121 ( 4} 
30.0 (0.2) 7.15 7.16(0.21) 13.14(0.38) 144 (4) 
35.0(0.2) 8.23 8.26(0.24) 15.17(0.44} 166 ( 5) 
40.0(0.2) 9.89 9.94(0.29) 18.30(0.54) 200 (6) 
45.0(0.2) 11.55 11.63(0.35) 21.45(0.64) 234 (7) 
Seawater m = 0.051991(1x10-7} X = 9.3575x10- 4 (3xlo- 9 ) 
5.0 (0.2) 2.48 2.48(0.07) 4.47(0.13) 50 ( 1) 
10.0(0.2) 2.93 2.94 (0.09) 5.29(0.16) 59 ( 2} 
15.0 (0.2) 3.41 3.42(0.10) 6.16(0.18) 6 9 ( 2) 
20.0 (0.2) 4.13 4.15(0.12) 7.48(0.22) 83 ( 2} 
25.0 (0.2) 4.90 4.93 (0.14) 8.88(0.26) 99 ( 3} 
m = 0.10287(6x10-7) X = 1.8499xlo-3 (lxlo- 8 ) 
5.0(0.2) 2.21 2.22(0.07) 3.99(0.12) 45 ( 1} 
10.0 (0.2) 2.76 2.77(0.08) 4.99(0.15) 56 ( 2) 
15.0 (0.2) 3.29 3.30(0.10) 5.95(0.18) 6 6 ( 2) 
20.0(0.2) 3.94 3.96{0.12) 7.13(0.21) 80 ( 2) 
25.0 (0.2) 4.86 4.88 (0.14) 8.80(0.26) 9 8 ( 3) 
m = 0.53286(1x10- 6 ) X = 9.5082x10- 3 (2x10- 8 } 
5.0(0.2) 1. 78 1. 78 (0.05) 3.21(0.10) 36 ( 1) 
10.0(0.2) 2.10 2.10(0.06) 3. 79 (0.11) 4 2 ( 1) 
15.0(0.2) 2.51 2.52(0.07) 4.53(0.13) 51 ( 2) 
20.0 (0.2) 2.99 3.01(0.09) 5.41(0.16) 6 0 ( 2) 
25.0(0.2) 3.60 3.62(0.11) 6.52(0.19) 73 ( 2) 
Artificial 
s~<:lwater _m = 0.052975 (2x-10- 7 )-- -x = 9.53'14xio- 4 (4x.io""" 9 ) 
5.0(0.2) 2.63 2.64(0.08) 4. 75 (0.14) 53 ( 2) 
10.0(0.2) 3.02 3.03(0.09) 5.46(0.16) 61 ( 2) 
15.0(0.2) 3.63 3.64(0.11) 6.56 (0.19) 7 3 ( 2} 
20.0(0.2) 4.26 4.28(0.13) 7.72(0.23) 8 6 ( 3) 
Table II: (Continued) 
t 
(mol/kg) (mol/kg) 
25.0(0.2) 5.15 5.18(0.15) 
Artificial 
seawater m = 0.10689(5x10- 7 ) X = 
5.0(0.2) 2.45 2.45 (0.07) 
10.0 (0.2) 2.90 2.91(0.09) 
15.0(0.2) 3.45 3.47(0.10) 
20.0(0.2) 4.09 4.11(0.12) 
25.0(0.2) 4.92 4.94(0.14) 
m = 0.53647(2x10-6) X = 
5.0(0.2) 1. 90 1.91 (0.06) 
10.0 (0.2) 2.26 2.26(0.07) 
15.0(0.2) 2.68 2.69(0.08) 
20.0(0.2) 3.20 3.22 (0.09) 
25.0 (0.2) 3.85 3.87(0.11) 
9.34(0.27) 
1.922x10-3 (9x10-9) 
4.42(0.13) 
5.24(0.16) 
6.24(0.18) 
7.40(0.22) 
8.91(0.26) 
sP c 
85 
(ppm) 
104 ( 3) 
49 ( 1) 
59 ( 2) 
70 ( 2) 
8 3 ( 2) 
99 (3) 
9.5722x10- 3 (2x10- 7 ) 
3.44(0.10) 38 ( 1) 
4.08 (0.12) 46 ( 1) 
4.85(0.14) 54 ( 2) 
5.80(0.17) 65(2) 
7.00(0.20) 78 ( 2) 
86 
values were corrected for temperature-induced volume changes 
by using the equation developed by Lo Surdo et al. (1982) 
n k 
d = d*+l0- 3 i~ };Aijtj (m/m0 ) (i+ 1 l 12 (78) 
where d is the density irr g-cm- 3 of the electrolyte solution 
of molality m and the * refers to pure water, A· · is a lJ 
series of coefficients for the equation and t is the 
temperature in degrees Celsius. The estimated standard 
error, sx1o- 6 , of this equation over the molality range 0 to 
saturation and temperature range 273.15 to 323.15 °K are 
20.3, 14.8, 19.7 and 24.4, for NaCl, Na 2so 4 , MgCl 2 , and 
Mgso 4 , respectively. 
The d* values were calculated from the equation (Lo 
Surdo et al., 1982) 
d* = 0.9998395+6.7914x1o-5t-9.0894xlo- 6t 2 
+1.0171x10- 7t 3-1.2846x10- 9t 4 
+1.1592x1o-11 t 5-S.0125x1o-14t6 ( 79) 
Once obtained, the d and d* values were combined to 
obtain the correction factor 
cf = d(25l/d(tl ( 8 0) 
by which all the concentration values were multiplied in 
order to calculate the corrected solubilities. 
in the special case of cacl 2 and (CH 3 ) 4NBr, for which 
no high-accuracy density data as a function of temperature 
are available, the correction factors used were the same as 
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those used for Na 2so 4 • This assumption seems supported by 
the findings of Ikono (1983), who showed that the difference 
in density between two solutions 0.5 m, one made of Mgcl 2 
and the other of Cacl 2 , was less than 0.6% in t_he 
temperature range 15° to 45 °C, and this difference was even 
smaller for. more dilute solutions. Furthermore, the 
corrections involved were not very large and looking at 
Table II, it can be seen that the magnitude of the 
correction in no case exceeded 0.8% of the value. 
Similar corrections were made for SW and ASW, by using 
the following equations {Leyendekkers, 1976) 
( 81) 
with 
( 82) 
where dsw is the density of seawater in g-cm- 3 and 
s 0 = -9.344586324x10-
2 +8.14876576925xl0- 1 [s] 
-4.824961403x10- 4 [s] 2 +6.767861356x10- 6 [s] 3 (83) 
At = {4.5316842620t-0.5459391107t2 
-1.9824839871xlo-3t3 
-1.438030609xl0-7 t 4}/(t+67.26) ( 8 4} 
( 86) 
where [S] is the salinity of seawater in parts per thousand. 
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For SW and ASW the correction factor used was 
( 8 7) 
The corrected solubility values were then transformed 
to the mole fractjon (S2) and ppm (SE) scales by using the 
equations 
( 8 8) 
and 
(89) 
where S~ is the corrected solubility of carbaryl in mol/kg, 
me and mw are the molalities of the electrolyte and water, 
and Wn, We and Ww are the masses of carbaryl, the 
electrolyte and water, respectively. The molality of water 
in water was made temperature-dependent by using the 
equation 
mw = d*x1000/18.01534 ( 9 0) 
The salinity of the standard seawater was calculated by 
using the equation recommended by UNESCO (1966) 
[S] = 1.80655[Cl] ( 91) 
in which [Cl] represents the chlorinity in ppt. Once the 
salinity is known, the "molality" ms of seawater, defined as 
- - -------
tne sum of the molalities of each one of the electrolyte 
components, can easily be calculated using the following 
equation (Leyendekkers, 1976) 
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( 9 2) 
where Mt can be considered as the "corrected" molecular mass 
of seasal t. For convenience, seawater can be considered as 
a sol uti on constituted of different electrolytes according 
to a specific "recipe". In this work, the recipe chosen for 
S'iil and ASW was the one developed by Kester et al. (1967) in 
which Mt = 68.0811 g/"mol". 
All solubilities represent the mean of at least three 
rneasurements for each temperature, with the estimated 
experimental error expressed as one standard deviation. 
Error propagation methods (Bevington, 19 6 9) were used 
throughout this work along with the usual standard 
statistical techniques. 
Table III gives the solubility values of carbaryl in 
water at the temperatures reported in the literature 
compared with the ones measured in this work. All the 
concentrations were converted to ppm because most of the 
cited values were expressed in this scale. 
The solubility data for carbaryl in water and in the 
rest of the electrolyte solutions were fitted by a least-
squares method using a multiple linear regression program 
adapted from Poole and Borchers (1981). The general form of 
the fitted equation is 
lnsx = a + b/T + em c 
where a, b, and c are empirical parameters whose values are 
Table III: 
Soiubility 
{ppm) 
<100 
ss 
<100 
<100 
40-99 
120 
40.2 
82.6 
105 
40 
131 
90 
Reported and experimental solubilities of 
carbaryl in water. RT and ss stand for room 
temperature and slightly soluble, respectively. 
temperature 
Reference 
0 Martin {1961) 
RT Anonymous (1966) 
RT Martin (1963) 
RT Burchfield et al. (1965) 
20-25 Weber (1972) 
20-25 Hartley and Graham-Bryce 
(1980b) 
25 Briggs (1981) 
25 Swann et al. (1983) 
25 This work 
30 David et al. (1960) 
30 This work 
-----
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given in Table IV. These fits have no theoretical 
significance but can be used to interpolate the solubility 
as a function of temperature and molality w-ithin the 
temperature range 5 to 45 °c and the concentration range 
given for each electrolyte in Table II. 
In order to find the Setchenov constants, k~, the 
solubilities were fitted to the equation 
(101) 
by a least-squares method. In this equation, 
represent the solubility in mol/kg of the nonelectrolyte in 
water and in the electrolyte solution of concentration C8 , 
respectively. The results as a function of temperature are 
given in Table V along with the error associated with each 
measurement, the standard deviation and the coefficient of 
determination. As expected the values of the Setchenov 
constant for carbaryl were positive, indicating a salting-
out in all the electrolyte solutions except in 
tetraalkylammonium bromide which showed salting-in. 
The temperature dependence of the solubility was 
accounted for by fitting the data to the equation 
recommended by Clarke and Glew (1966) which is based upon a 
Taylor series expansion of the heat capacity change at a 
ref_erence t&mperature 8: 
Rlnx = ~0/8~H0 (1/8-1/T)+~g[8/T-1+ln(T/8)) ( 10 2) 
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Table IV: Multiple linear regression coefficients for 
the solubility of carbaryl in aqueous solvent 
systems. 
Solvent a b c s Eq # 
Water -1.00 -3137 0.0 0.031 0.9982 ( 9 3) 
(0.24) (71) 
Seawater* -2.11 -2936 o.o 0.013 0.9992 (94) 
(0.24) (68) 
NaCl (aq) -2.0279 -2871.4 -11.808 0.070 0.9757 ( 95) 
Na 2so 4 (aq) -3.1417 -2504.1 -109.812 0.021 0.9931 ( 96) 
CaC1 2 (aq) -3.4554 -2435.4 -19.640 0.019 0.9933 ( 9 7) 
(CHr) 4NBr -2.6172 -2639.9 57.151 0.040 0.9906 ( 9 8) (aq 
Seawater -1.5396 -2999.6 -36.479 0.021 0.9956 ( 9 9) 
Artificial 
Seawater -1.9211 -2876.3 -33.828 0.016 0.9973 ( 100) 
------------------------------------------------------------
*Seawater with salinity = 35.0075 ppt 
----
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Table V: Setchenov constants (k~) for carbaryl ir, different 
electrolyte solutions as a function of 
temperature. Included are the standard deviation 
and the coefficient of determination (r 2 ). The 
numbers in parenthesis are the errors associated 
with each measurement. 
t 
NaCl 
5.0(0.2) 
10.0(0.2) 
15.0(0.2) 
20.0(0.2) 
25.0(0.2) 
30.0(0.2) 
35.0 (0.2) 
40.0(0.2) 
45.0(0.2) 
5.0(0.2) 
10.0(0.2) 
15.0(0.2) 
20.0(0.2) 
25.0(0.2) 
CaC1 2 
5.0(0.2) 
10.0 (0.2) 
15.0(0.2) 
20.0 (0.2) 
25.0(0.2) 
(CH 3 ) 4NBr 
5.0(0.2) 
10.0 (0.2) 
15.0(0.2) 
2JL_O (0. 2.) 
25.0(0.2) 
30.0(0.2) 
35.0(0.2) 
40.0(0.2) 
45.0 (0.2) 
{kg/mol) 
0.263 (0.010) 
0.254(0.010) 
0.252{0.006) 
0.244(0.007) 
0.238(0.006) 
0.228(0.019) 
0.220(0.015) 
0.229(0.014) 
0.219(0.019) 
0.841(0.172) 
0.883(0.106) 
0.877(0.063) 
0.900(0.070) 
0.848{0.045) 
-0.037(0.012) 
0.078(0.023) 
0.329 (0.114) 
0.473(0.013) 
0.441(0.050) 
-1.246 (0.308} 
-1.106 (0.211) 
-0.762(0.278} 
- Q .- 6-'73 ( 0 ; 16-0 ) --
-0.602(0.099) 
-0.431(0.030} 
-0.252(0.034} 
-0.433(0.015) 
-0.449 (0.064) 
Std. Dev.x103 
4.37 
4.45 
2.63 
2.82 
2.67 
8.50 
6.71 
6.30 
8.32 
15.13 
9.36 
5.51 
6.14 
3.99 
6.86 
1. 32 
6.66 
0.77 
2.91 
22.07 
15.12 
19.92 
11.49 
7.12 
1. 47 
1. 73 
1.10 
3.13 
0.9970 
0.9967 
0.9988 
0.9986 
0.9986 
0.9856 
0.9904 
0.9921 
0.9851 
0.9229 
0.9718 
0.9899 
0.9881 
0.9943 
0.9075 
0.9221 
0.8933 
0.9992 
0.9874 
0.9426 
0.9650 
0._8829 
0.9464 
0.9736 
0.9952 
0.9808 
0.9987 
0.9803 
Table V: (Continued) 
t 
Natural seawater 
5.0(0.2) 
10.0(0.2) 
15.0(0.2) 
20.0(0.2) 
25.0(0.2) 
(kg/mol) 
0.273(0.052) 
0.294(0.018) 
0.280(0.013) 
0.289 (0.012) 
0.289(0.014) 
Artificial seawater 
5.0(0.2) 
10.0 (0.2) 
15.0(0.2) 
20.0 (0.2) 
25.0(0.2) 
0.278(0.022) 
0.259 (0.005) 
0.265(0.010) 
0.253 (0.007) 
0.255(0.010) 
Std. Dev.x10 3 
22.36 
7.59 
5.52 
5.40 
6.17 
9.47 
2.27 
4.14 
3.01 
4.18 
94 
0.9331 
0.9929 
0.9959 
0.9963 
0.9951 
0.9877 
0.9992 
0.9974 
0.9985 
0.9972 
----------------------------------~-------------------------
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where the coefficients have their usual thermodynamic 
meaning. The temperature used as reference was 298.15 K and 
the fitting and selection of data were done using a 
multivariable least-squares program from the Statistical 
Package for the Social Sciences (SPSS}, version H, release 
9.1, February 1, 1982. The advantage of this equation over 
polynomial fits with an equal number of coefficients is that 
it correctly correlates solubility and temperature with a 
significantly smaller standard deviation (Wilhelm et aJ., 
1977). It also has the extra advantage that the 
coefficients are not correlated and they are the desired 
thermodynamic properties (May et al., 1983). 
Good correlations were obtained for the fitting of the 
data to the Clarke and Glew equation. Table VI presents the 
thermodynamic quantities refering to the solution processes 
carbaryl(s) to carbaryl(aq) and carbaryl(s} to carbaryl(aq. 
elect.} at 298.15 K and 1 atmosphere as calculated from eq 
(102). Looking at this table, it is interesting to note 
that while the values of6G0 are very precise, the values of 
6ll 0 are much less so, and the values of 6C~ are the least 
precise. 
The thermodynamic parameters obtained from the 
dissolution process of carbaryl in water were 28.626±0.018, 
2 6 • 2 7 ±. 0 • 4 3 , and 0 • 2 0 7 ±. 0 • 0 7 5 k J I m o 1 for 6G 0 , ~H 0 and 6C ~ , 
respectively at 298.15 K. All the 6G 0 values for carbaryl 
-- -
in electrolyte solutions were above the corresponding ones 
for the pesticide in water, except in the case of the 
(CH 3 ) 4NBr salt, where lower values were obtained. For the 
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Table VI: Thermodynamic parameters for the process 
carbaryl (s) ---> carbaryl (aq) and carbaryl (s) 
---> carbaryl(aq. elect .. ) at 298.15 K. The 
temperature range considered was 5 to 25 °C, 
except where indicated. 
Solution 
Seawater 
m = 0.05199 
m = 0.10287 
rn = 0.53286 
(kJ /mol) 
28.626 
(0.018) 
28.829 
(0.011) 
28.876 
(0.020) 
29.600 
(0.002) 
Artificial seawater 
rn = 0.05298 
m = 0.10689 
m = 0.53648 
Na 2so4 
m = 0.04987 
rn = 0.10158 
rn = 0.15142 
CaCl 2 . 
rn = 0.06122 
28.711 
(0.012) 
28.831 
(0.004) 
29.433 
(0.002) 
28.822 
(0.005) 
29.043 
(0.011) 
29.299 
(0.002) 
28.819 
(0.006) 
(kJ I mol) 
26.27 
(0.43) 
27.34 
(1.58) 
27.67 
(2.68) 
27.81 
(0.32) 
28.36 
(1.64) 
26.79 
(0.62) 
27.83 
(0.21) 
25.14 
( 0. 7 4) 
26.66 
(1.52) 
26.65 
(0.25) 
24.19 
(0.88) 
T6So 
( kJ I mol) 
-2.36 
( 0. 43) 
-1.49 
(1. 58) 
-1.20 
(2.68) 
-1.79 
(0.32) 
-0.35 
(1.64) 
-2.04 
(0.62) 
-1.60 
(0.21) 
-3.68 
( 0. 7 4) 
-2.38 
(1.52) 
-2.65 
(0.25) 
-4.63 
( 0. 8 8) 
6C 0 _____ £: ___ _ 
(kJ/rnol-K) 
0.207 
(0.075) 
0.357 
(0.148) 
0.091 
(0.251) 
0.329 
(0.030) 
0.485 
(0.153) 
0.267 
(0.058) 
0.292 
(0.020) 
0.398 
(0.070) 
0.635 
(0.143) 
0.524 
(0.023) 
0.365 
(0.082) 
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Table VI: (Continued) 
------------------------------------------------------------
6G0 6H0 T6So 6C0 
Solution p -------- --------- --------
----------(kJ /mol) (kJ/mol) (kJ /mol) {kJ/mol-K) 
------------------------------------------------------------
m = 0.07887 28.879 24.86 -4.02 0.522 
(0.008) {1.14) {1.14) (0.106) 
m = 0.09997 28.869 27.35 -l. 52 0.684 
(0.004) (0.58) (0.58) (0.055) 
(CH 3 ) 4NBra 
m = 0.01007 28.485 21.73 -6.75 0.290 
(0.006) (0.13) (0.13) ( 0. 0 23·) 
m = 0.05211 28.411 22.74 -5.67 0.340 
(0.008) (0.20) (0.20) (0.034) 
m = 0.10144 28.295 22.33 -5.96 0.440 
(0.012) (0.27) (0.27) (0.048) 
NaCl 
m = 0.25478b 28.898 25.32 -3.58 -0.165 
(0.003) (0.92) (0.92) (0.073) 
m = 0.25592 29.029 27.20 -1.83 0.328 
(0.006) (0.83) (0.83) (0.078) 
m = 0.50306 29.308 29.92 0.61 0.535 
(0.007) (1.02) (1.02) (0.096) 
m = 0.50391b 29.109 24.34 -4.77 -0.154 
(0.006) (1.98) (1.98) (0.158) 
m = 0.75246 29.655 27.90 -1.76 0.312 
(0.007) (1.04) (1.04) (0.098) 
m = 0.75827b 29.494 25.23 -4.26 -0.087 
(0.014) (4.54) (4.54) (0.361) 
-----------------------------------------------------------
a 5-45 oc b 30-45 oc 
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rest of the thermodynamic parameters, no clear general trend 
could be found due to the errors associated with these 
measurements. A notable exception to this was the 6H 0 
figures calculated for the tetramethylammonium bromide 
(TMAB) salt where distinctly lower values were obtained. 
The entropy change of carbaryl was always negative for water 
and all the electrolytes used as cosolutes. 
Looking at the thermodynamic constants of carbaryl for 
each separate salt, it was found that there was an increase 
in 6G0 with increasing electrolyte concentration, except in 
TMAB solutions, where the trend was the opposite. For6H0 
the values were constant within experimental error. No 
relation could be found between electrolyte concentration 
and T 6 S 0 or 6C ~. 
3) Effect of pH on carbaryl 
The hydr~lysis of carbaryl under natural conditions 
present in the aquatic environment gives 1-naphthol, carbon 
dioxide and methylamine. This reaction can be represented 
by the following equation 
R-0-CO-NHR' + H20 ----> R-OH + C02 + R'NH2 ( 104) 
On the other hand, 1-naphthol molecules can be 
d~~6mp6s~d to phenolates according to the following 
reaction: 
< •• 
R-O:H :::::> R-R:-
-H-t 
99 
(105) 
This change is reflected in the bathochromic shift of the 
wavelength of maximum absorbance of 1-naphthol in aqueous 
solvents. The spectroscopic differences of these two 
compounds can be appreciated in Figures 10 and 11, which 
show the absorption spectra of 1-naphthol and the phenolate 
ion, respectively (dotted lines). The spectrum of carbaryl 
(dashed lines) is also shown in both figures for comparison 
purposes. 
Hence, when in alkaline solution, carbaryl decomposes 
according to the following reaction: 
R-0-CO-NHR' + OH- ----> R-£:- + C02 + R'NH2 ( 10 6) 
and upon addition of an acid we obtain the products shown in 
eq (104). Actually the reaction is far more complicated, 
consisting of several intermediate steps (Dittert and 
Higuchi, 1963), but for the purposes of this work the 
equations already mentioned will be enough. 
Using this information, the hydrolysis rates of 
carbaryl at different pH values were studied by measuring 
the decrease in light absorption at the wavelength of 
maximum absorbance (279.5 nm) of this pesticide as a 
function of time. 
Pseudo-first order rate constants (k1 ) were calculated 
using the equation 
1 
1 
100 
Figure 10 
Absorption spectra of carbaryl (dashed line) and 1-naphthol 
(dotted line) in water at 25 °C. 
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Figure 11 
Absorption spectra of carbaryl (dashed line) and 
deprotonated 1-naphthol (dotted line) in water at 25 °C. 
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( 107) 
where [C) is the concentration at time t and [C] 0 is the 
initial concentration. For calculating the half-life times, 
the following equation was used 
t 0 • 5 = o.693/k1 (108) 
Table VII gives the results obtained with these two 
equations. 
Although carbaryl was stable to hydrolysis at pH values 
below 7.0, a quick rise in the hydrolysis rate was observed 
at pH's higher than 7.0. 
Figure 12 shows a plot of log(k 1 ) against pH at 26 °C. 
The data were fitted to a straight line using a least-
squares regression analysis technique. The resulting 
equation was 
log{k1 ) = -{14.07±0.90) + (0.992±0.087)pH 
r2 = 0.9728 
n = 4 
s = 0.107. 
(109) 
As can be observed, the coefficient of determination 
(r 2 ) is reasonable and the slope of the curve can be 
considered as unity, showing that the reaction was first 
order with respect to hydroxyl ions. 
4) Sodium dodecyl sulfate effect on carbaryl 
As part of this work, the effect of micelle formation 
on the solubility of carbaryl molecules was studied. It is 
105 
Figure 12 
Plot showing the relation between pH and the pseudo-first 
order rate constants (k 1 ) for carbaryl at 26 °C. 
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Table VII: Hydrolysis rate constants (k 1 ) and half-life 
times (t 0 5 ) for carbaryl at different pH and 
temperatures. The numbers in parenthesis are the 
errors associated with each measurement. 
Temperature k 1x1o
4 
to.5 
------
( s-1) 
pH 
(min) 
____________________________________________ , ________________ 
ga 20 0.77 150 ------
9. 70 (0.02) 25.9(0.2) 0.383(0.017) 302(13) 28 0.9786 
lOa 20 7.67 15.0 ------
10.30(0.02) 26.0(0.2) 0.981(0.076) 118 (9) 59 0.9652 
10.40(0.02) 26.0(0.2) 1.34(0.15) 86.2(9.6) 137 0.9224 
11.15 (0.02) 25.5 (0.2) 10.79 (0.63) 10.7(0.6) 238 0.9802 
10.60(0.02) 34.7(0.2) 11.9(1.0) 9. 7 (0.8) 324 0.9647 
11.00(0.02) 34.7 (0.2) 19.5(1.8) 5.9(0.6) 563 0.9602 
----------------------------------------------------------~-· 
aAly and El-Dib (1972) 
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well known that solubilizing materials, like micelles or 
association colloids, can increase to a high degree the 
solubility of many otherwise insoluble materials in water. 
In addition to this, solubilizing agents are helpful, in 
practice, in transporting an insoluble material across a 
membrane. Even when micelles are unable to cross the 
membrane themselves, they may be very helpful because they 
transport the insoluble material to the membrane and pick it 
up on the other side (Mysels, 1969). 
Sodium dodecyl sulfate (SDS) was chosen as the 
solubilizing agent, first because there is a great deal of 
information about this compound, and secondly because it can 
be considered as a very simple model of humic acids. This 
latter type of compounds have been demonstrated to play a 
major role in soil and water chemistry by acting as buffer, 
ion exchanger, surfactant, sorbent, and chelating agent. A 
review of the surface tension values for SDS and sodium 
humate shows that they compare favorably. According to 
Wershaw et al. (1969), a 0.1% and 1.0% SDS solution has 
surface tension values of 31.9 and 32.7 dynes/em, while 
corresponding sodium humate solutions have values of 67.0 
and 51.4 dynes/em respectively. 
The effect of increasing SDS concentration on the 
solubility of carbaryl can be seen in Figures 13, 14 and 15. 
As a way of comparison, two different methods were used. 
In the first one, an excess amount of carbaryl was placed in 
solutions containing different concentrations of SDS, left 
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Figure 13 
Effect of SDS concentration on carbaryl solubility at 25 °C 
using the sonicator technique. 
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Figure 14 
Effect of SDS concentration on carbaryl solubility at 25 °C 
using the sonicator technique and NaCl 0.10003±.7x10- 6 mas 
solvent. 
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Figure 15 
Effect of SDS concentration on carbaryl solubility at 25 °c 
using the generator column method. 
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for four hours or more in a sonicator and then 
spectroscopically analyzed. The results are shown in Figure 
13. On the other hand, in order to see the effect of 
different concentrations of SDS on the solubility of 
carbaryl in the presence of an electrolyte, a second set of 
dilutions were prepared using NaCl 0.10003±7x10- 6 mol/kg for 
dissolving the SDS. Figure 14 shows the results of this 
experiment. All values are the average of t~o measurements, 
except in the NaCl case where only one measure~ent per 
concentration was made. 
The second method involved the use of the generator 
column. Different concentrations of SDS solutions were 
passed through the column and the solubility of carbaryl 
measured (see Figure 15). Each value represents the average 
of at least three measurements. 
The values obtained above and below the critical 
micelle concentration (erne) show a clear linear trend in all 
cases. The calculated values for the erne were (7.41±. 
0.78)x1o-3 mol/kg and (7.0±1.6)x10- 3 mol/L for the generator 
column and sonicator, respectively. Both values are 
essentially the same within experimental error, although the 
one obtained with the generator column has a much smaller 
associated error. The experimental erne of SDS in the 
presence of NaCl and carbaryl was (3.6±1.9)x1o- 3 mol/L. 
5) Effect of solvent polarity on carbaryl 
In the case of low-solubility molecules, like the 
majority of pesticides, the solubilization of the solutes in 
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the micelle structure may be directly measured by the 
increase in solubility using spectrophotometry (see 
preceeding section). Deciding whether the solubilization 
was through penetration or surface adsorption is more 
difficult. One way of approaching this problem is by 
measuring the change in the position of the peak of maximum 
absorbance as a function of solvent polarity. In this way, 
by observing the shift in peak position of carbaryl in the 
presence of SDS above and below the erne, inferences could be 
made about the solubilization site. 
A practical method of measuring solvent polarity was 
first introduced by Kosower (1958a, 1958b, and 1958c) who 
observed that the charge-transfer light absorption band of 
1-alkylpyridiniurn iodides was quite sensitive to solvent 
effects, and derived a solvent parameter called Z-value. 
Later, Dirnroth et al. (1963) proposed a solvent polarity 
parameter, ET(30), based on the transition energies for the 
intramolecular charge-transfer band of the pyridiniurn phenol 
betaine. This latter empirical measure of solvent polarity 
was the one used in this work. 
Several experiments were conducted in which carbaryl 
was dissolved in different solvents, and the position and 
intensity of the peak of maximum absorbance and emission 
recorded. As can be observed in Table VIII, no observable 
change in the position of the peaks was found although there 
was a change in intensity. No relation could be found 
between solvent polarity and absorption wavelength, but some 
Figure 16 
Plot of solvent polarity against intensity 
fluorescence/molality, (If), for carbaryl at 25 °C. 
symbol explanations see Table VIII. 
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Table VIII: Position of the peak of maximum absorbance and 
emission and ratio intensity/molality for 
absorption (Ia/m) and fluorescence (If/m) as a 
function of solvent polarity, ET(30), at 25 °C. 
(CC1 4 = carbon tetrachloride, c 6H6 = benzene, THF = tetrahydrofuran, EtAc = ethyl acetate, 
MeC1 2 = methylene chloride, DMF = din1ethyl formamide, DMSO = dimethyl solfoxide, MeOH = 
methanol) . 
Absorption Fluorescence 
Solvent 
Peak Peak 
Position Ia/m Position (I f/m) x1o- 5 ET (30) 
--·------ ------ -------- ---·-------- ----------
(nm) (kg/mol) (nm) (kg/mol) (kcal/mol) 
Hexane 280 4143(26) 335 4.26(0.02) 30.9 
CCl4 280 1024(8) 335 0.0787(0.0006) 32.5 
Toluene 280 335 0.344(0.0002) 33.9 
C6H6 280 335 2.03 (0.01) 34.5 
THF 280 335 0.440(0.0003) 37.4 
EtAc 280 6042(36) 335 9.81(0.07) 38.1 
MeCl 2 280 8095 (61) 335 15.0 (0.1) 41.1 
DMF 280 5817(42) 335 18.5 (0.1) 43.8 
DMSO 280 335 21.6 (0.1) 45.0 
MeOH 280 4171(33) 335 11.5(0.08) 55.5 
Water 280 5830(191) 335 76.2 (3.4) 63.1 
-----------------------------------------------------·----
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correlation was observed for fluorescence intensity. Figure 
16 shows the result of fitting these data to a straight line 
for emission (If) values. 
The equation obtained by a least-squares linear 
regression analysis was 
ET(30) = (35.16±0.82) + (3.78±0.28)x10- 6If 
r2 = 0.9686 
n = 8 
s = 1.844 
(110) 
It is important to mention that the values for hexane, 
benzene and methanol were not considered in the least 
squares fit, although they are included in Figure 16 for 
illustrative purposes. 
B) High pressure work 
As far as our knowledge is concerned, there are no 
experimental data dealing with the effects of pressure on 
the solubility of carbaryl. Several experiments were 
conducted in which saturated solutions of the pesticide in 
water and in NaCl 0.75827±3x10-S m were put under pressures 
up to 2068±34 and 2203±34 atm, respectively. 
For carbaryl in water solutions, t.here was no 
measurable change in concentration after 50 minutes of 
applying 1356t 34 atm of pressure, the compound remaining 
stable without any kind of observable degradation. The 
pressure was further increased to 1695±34 atm and finally up 
to 2068±34 atm without decomposition or loss of solubility. 
Similar results were obtained for 1-naphthol, taken from an 
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aged solution of carbaryl already hydrolyzed. 
When NaCl solutions saturated with carbaryl were used, 
carbaryl started to decompose at merely 1356±34 atm, giving 
as one of the final products deprotonated 1-naphthol (see 
Figure 17). Hence, according to this evidence, what we have 
at high pressures is essentially a hydrolysis reaction that 
can best be represented by eq (106). This can also be 
verified by comparing the spectra shown in Figures 11 and 
17. 
The rates of decomposition of the pesticide were 
calculated at 1356±34, 1797±, 
the rate of disappearance 
and 2203±34 atm by measuring 
of carbaryl. This was 
accomplished recording the change in absorbance (A) with 
respect to time (t) at 279.5 nm. For convenience, these data 
were fitted to an equation of the form 
A = A e-kt 
0 ( 111) 
where A0 is the initial absorbance and k is the pseudo-first 
order rate constant. The three resulting equations were 
plotted using the Tektronix Advanced Graphing II Package, 
and are shown in Figure 18. 
The rate constants k 1 and the half-life timeB were 
calculated using eq (107) and (108) respectively. The 
results are shown in Table IX. 
When the k 1 values were plotted against pressure (P), 
the equation 
k 1 = -(2.388±0.056)x10-3 + (1.975±0.037)x10-6P 
r 2 = 0.9996 
n = 3 
s = 1. 844x1o-5 
122 
( 112) 
was obtained. As can be observed, everything seems to 
indicate that there is a pressure dependence of the rate 
constants for carbaryl. 
123 
Figure 17 
Absorption spectra of carbaryl at 1 atm (dashed line) and at 
1356±34 atm (dotted line) in NaCl solution 0.75827±3x10-5 m 
at 30.6±0.2 °c. 
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Figure 18 
Change in absorbance of carbaryl at 279.5 nm as a function 
of time for the three pressures depicted at 31 °C. 
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Table IX: Pseudo-first order rate constants (k 1 ) and half-
life times (t 0 . 5 ) for carbaryl as a function of pressure. 
Pressure Temperature k 1x10
4 to.s 
------( s -1) (min) 
1356(34) 30.6(0.2) 2.90(0.08) 39.9(1.1) 110 0.9937 
1797(34) 30.0(0.2) 10.17(0.97) 11.4(1.1) 382 0.9569 
2203(34) 32.0(0.2) 19.65(0.20) 5.878(0.060) 74 0.9996 
IV. DISCUSSION 
The solubility measurements reported in the literature 
and in Table III show a wide range of values and reflect the 
lack of reliable data in this area. Furthermore, only David 
et al. (1960) and Swann et al. (1983) described the 
experimental method used in the determination. In the work 
by David and collaborators, known weights of the pe9ticide 
were stirred with increasing volumes of water until 
particle-free solutions were achieved. This method is not 
very reliable, lacks precision and can easily lead to 
underestimates, as reflected in the relatively low value 
obtained by these researchers. Swann and coworkers (1983) 
obtained a value of 82.6 ppm at 25 °c by using the generator 
column method. The difference between this figure and the 
corresponding value measured in this work (105 ppm) might be 
attributed to the different amounts of glass beads and 
pesticide used in each experiment. 
this work, it was observed that 
During the course of 
for carbaryl the 
concentration values increased each time larger amounts of 
glass beads and pesticide were used. This trend continued 
up to a certain point at which further increases in the 
amounts ·did not change the solubility values obtained. 
Unsaturated solutions were obtained each time the glass 
beads:pesticide ratio of 5.0 g:0.500 g, recommended by Swann 
et al. (1983) was used. Hence, a larger ratio {100 .0 g:4.0 
g) involving increased amounts of each component had to be 
used in this work to assure saturated solutions. The low 
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value reported by Swann and collaborators appears to be due 
to lack of saturation of this pesticide solution. 
The solubility results of the pesticide in water and in 
electrolyte solutions as a function of temperature were as 
expected: the solubility increases with increasing 
temperature and salting-out is produced by all the 
electrolyte solutions considered, except for 
tetraalkylammonium bromide (TMAB), in which salting-in was 
observed. While the solubility of nonelectrolytes in water 
is generally reduced by the common inorganic salts, the 
tetraalkylammonium ones often have the opposite effect. 
Salting-out (or salting-in) can be defined as the 
phenomenon by which the solubility of one solute in a 
solvent is altered by the presence of another solute 
(Stokes, 1979). A change in the activity coefficient is 
produced by the addition of a salt to a solution of a 
nonelectrolyte and hence there is a change in its solubility 
(Cross, 1975). Desnoyers and coworkers (1969) explained 
qualitatively salting-out and salting-in processes by 
representing the overall range of influence of the solute on 
the structure of water by a spherical shell and the 
concentration effect by an overlap of such co-spheres. 
According to the McDevi t and Long theory, the salt induced 
medium effects arise from the effect of the electrolyte upon 
the internal pressure of the solvent, and thus on the energy 
required to create a hole for the nonelectrolyte molecule 
(Gordon and Thorne, 1967). On the other hand, the Scaled 
Particle Theory offers another approach in that it 
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calculates the energy needed by a solute molecule to form a 
cavity in the solvent and then calculates the energy 
regained by a solute-solvent interaction when the solute 
molecule is placed in this cavity (Sagert and Lau, 1984). 
Salting-in phenomena are thought to be rlifferent from 
the salting-out processes (Desnoyers et al., 1965). For 
example, Gordon and Thorne (1967) mentioned that these 
efects were due to specific short-range ion-molecule 
interactions, and Desnoyers et al. (1965) and Wirth and 
LoSurdo (1968) suggested that in some cases, salting-in 
could be due to micelle formation of the cosolvent. 
As far as we know, this seems to be the first time the 
Setchenov constants are measured in carbaryl. Thus there 
are no literature data available to compare with. However, 
the excellent correlation coefficients obtained with most of 
the electrolyte solutions is a good indicator of the 
consistency of the data. It is convenient to note at this 
point that an adjustment was necessary for CaC1 2 and 
(CH 3 ) 4NBr, because it was observed that in order to purge 
the generator column with these two solutions, a volume 
larger than the recommended one had to be used if adequate 
equilibrium inside the column were to be established. 
Therefore, the solutions with molalities 0.099972 t 
2x1o- 5 and 0.01007 ± 1xl0-5 mol/kg for cacl 2 and (CH 3) 4NBr, 
respectively, were unsaturated and not used in the 
calculations of their respective Setchenov parameters. 
Considering the similarity in structure between 
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naphthalene and carbaryl some qualitative comparisons can be 
made. For example, we would expect to find similar 
Setchenov values for these two compounds, and looking at the 
data obtained by Gold {1984) for the salting-out of 
naphthalene in NaCl solutions and in natural seawater, we 
find that they are close in magnitude to the ones obtained 
in this work. In addition to these, the corresponding values 
for k~ in Na 2so 4 solutions were the highest measured in both 
studies. 
The salting-out behavior shown by the Setchenov 
constants as a function of temperature, can be exemplified 
by using the data obtained with NaCl solutions. Figure 19 
shows a plot of such data. As can be observed, the k~ 
values generally decrease with increasing temperature, 
following an almost linear relationship up to a temperature 
of 35 °C. Similar results, but with opposite trend were 
obtained for the salting-in of carbaryl in (CH 3 ) 4NBr, as 
shown in Figure 20. 
Fitting to a straight line each one of the two series 
of values shown in Figures 19 and 20 gave the .following 
equations 
For NaCl: 
k~ = {0.2675±0.0024)-(1.15±0.11)x10-3t 
r 2 = 0.9423 
n = 9 
s = 3.0x1o-3. 
(113) 
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Figure 19 
Setchenov constants (k~) for carbaryl in NaCl solutions as a 
function of temperature. 
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Figure 20 
Setchenov constants (k~) for carbaryl in (CH 3) 4NBr solutions 
as a function of temperature. 
135 
r-------------------------------------------------~~ 
• 
0 
-(""') u 
0 
......... 
-Q.l 
I-
::J 
--li1 
I-
QJ 
Q. 
E 
0 
QJ 
N 1-
0 
1-----<o-------f 
0 
I.(") 0 I.(") 0 I.(") 0 
0 d d .-- N 
I I I 
( JOLUf5>1 )/ ~>1 
k~ = -(1.20±0.11)+(2.16±0.41)x10-2t 
r 2 = 0.8006 
n = 9 
s = 0.1575. 
136 
(114) 
Setchenov constants, for natural and artificial 
seawater, were measured in order to find if there was any 
effect due to the organic matter that might be present in 
natural seawater. As can be seen in Table V, within 
experimental error there is no significant difference 
between these two types of seawater for the temperatures 
considered. 
Acording to the results given in Table VI, there was an 
increase in 6G 0 and a decrease in 'Jt§ 0 for carbaryl in water 
and in all the electrolyte solutions considered, with the 
exception of TMAB. This makes sense, since the presence of 
nonpolar molecules increases the ice-like structure of water 
(Desnoyers et al., 1965) promoting the formation of a cage 
or "iceberg" around the nonelectrolytes (Shinoda, 1977). 
For all the electrolyte solutions other than TMAB, we 
have two different and opposing processes operating 
simultaneously and related to the structure of water. We 
will refer to "structure" as the "relative positions and 
motions of the molecules", averaged over times that are 
longer than the hindered translational mode at 200 cm- 1 , but 
shorter than the dielectric relaxation time (Eisenberg and 
Kauzmann, 1969). One process involves the formation of water 
structures promoted by the nonelectrolyte and explained 
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before. The other is represented by the destruction of 
water structures induced by the electrolyte themselves, 
whose, upon addition to water, disrupt the short-range order 
among the solvent molecules by local collapse of the water 
structure, which permits H2o dipoles to orient in primary 
and more disordered secondary coordination shells about the 
aqueous species (Helgeson and Kirkham, 1976). Thus, the 
final thermodynamic values will depend on the relative 
magnitudes of each process. For carbaryl, the negat.ive 
values of the entropy terms for NaCl, cac1 2 , Na 2 so 4 , 
seawater and artificial seawater indicate that the water-
structure formation process is the larger one. The results 
with TMAB are also consistent with these assumpt:ions, 
because here both the pesticide and the tetramethylammonium 
ions will tend to increase the water structures. At this 
point, it is convenient to remember that TMAB belongs to a 
class of electrolytes whose aqueous solutions show unusual 
properties such as high viscosities with large temperature 
coefficients, long dielectric relaxation times and high 
partial molal heat capacities (Arnett et al., 1970). A.n 
increase in the structure of water near these large ions has 
been offered as an explanation for these unexpected 
properties (Desnoyers et al., 1965). According to this 
assumption and considering that the rest of the electrolytes 
used in this experiment are classified as structure-breakers 
(Frank and Wen, 1957), the TMAB solution should have the 
lowest entropy of all, and this is precisely what we found 
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in our experiments (see Table VI). 
In considering the process carbaryl in water to 
carbaryl in electrolyte solution, some observations could be 
made. In order to do this, the data from Table VI were 
reworked in the way shown in Table X, where for clarity, 
only the hig~est concentration for each electrolyte solution 
was included. It is readily clear that in going from water 
to a salt solution, the process is not favored for most of 
the electrolytes studied, as indicated by the positive 6t0£0 , 
something to be expected from the lower solubility of 
carbaryl in these solvent systems. Similar results were 
obtained for ~S0 suggesting that the increase in the Gibbs 
free energy change was made at the expense of an increase in 
the entropy part of the process. For TMAB, the reverse seems 
to be true, since here we had a salting-in process. Whereas 
the solubility of a nonelectrolyte in water is limited to a 
large extent by the increase in structure of water, the 
presence of structure-inducing ions will therefore 
facilitate the dissolution of the pesticide molecules, 
because less work needs to be done by the nonelectrolyte 
against the structure of water (Desnoyers et al., 1965). 
Plots of 6G0 values against electrolyte concentration 
are shown in Figures 21 and 22, where the clear relationship 
between these two parameters can be seen. 
Several of the equations given in Table I were used for 
the calculation of solubilities, but none gave an accurate 
value, although they usually were within a factor of two 
from the solubility obtained for carbaryl at 20 °c in this 
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Figure 21 
Change in 6G0 of carbaryl as a function of concentration at 
298.15 K for seavJater {solid line), artificial seawater 
{dashed line), and sodium chloride {dotted line) . 
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Figure 22 
Change in 6G0 of carbaryl as a function of concentration at 
298.15 K for sodium {solid line), calcium chloride {dashed 
line), and tetraalkylammonium bromide {dotted line) .. 
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Table X: Thermodynamic values for the process carbaryl (aq) 
----> carbaryl (aq. elect.) at 298.15 K. 
~1olali ty uuG0 
Electrolyte 
(mol/kg) (kJ /mol) (kJ /mol) (kJ /mol) 
Seawater 0.53286 0.974 1. 54 0.57 
(0.018) (0.53) (0.54) 
Artificial 
Seawater 0.53648 0.807 1. 56 0.76 
(0.018) (0.54) ( 0. 4 8) 
Na 2so4 0.15142 0.673 0.38 -0.29 (0.018) (0.50) (0.49) 
CaC1 2 0.09997 0.243 1. 08 0.84 (0.018) (0. 72) (0. 72) 
NaCl 0.75246 1. 039 1. 63 0.60 
(0.018) ( 1.12) (1.13) 
(CH 3 ) 4NBr 0.10144 -0.331 -3.94 -3.60 (0.018) ( 0. 51) (0.51) 
------------------------------------------------------------
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work. This temperature was selected because the use of the 
solubility equations generally involved the use of 
partition coefficients which were reported in the literature 
(Briggs, 1981) at 20 °C. 
Similar results were obtained for the equations 
involving the calculation of partition coefficients. Table 
XI shows the values predicted by all the expressions 
considered, although precaution must be exercised when 
analyzing the K0 w, Kom' and K0 c results, because these are 
expressed as the log of the corresponding quantities. 
Therefore, any small variation in this number is reflected 
as a large change in the partition values. 
Solvents have a great effect on the intensity of 
fluorescence of pesticides. Argauer (1980) mentioned this 
effect, and Zweig (1963) pointed out that "there does not 
appear to be any sequence in the relation of fluorescence 
intensity to solvent type". Addison et al. (1977) observed 
that for some pesticides the relative fluorescence intensity 
increased substantially as the polarity of the solvent 
increased, although he also noted that in some cases it 
decreased. Taking this in consideration it was not 
surprising to find such an effect in carbaryl, with the only 
difference being that there was a significant correlation 
(r 2 = 0.9686) between the solvent polarity and the ratio 
relative fluorescence/molality, although it was not clear 
why the values for hexane, benzene and methanol did not fit 
in the plot. At least in the case of methanol, hydration of 
Table XI: 
145 
Water solubility and partition coefficients 
calculated by combining selected equations from 
Table I and the experimental solubility value 
obtained in this work at 20 °c. The parachor (P) 
and n values used were 439 and 2, respectively 
for carbaryl. 
Equation Used Type of Value 
Calculated 
Calculated Value 
This worka (Solubility)x1o 4 4.45 
(mol/L) 
(11) II 2.04 
(12) II 3.34 
( 13) II 5.75 
(14) II 5.37 
( 15) b II 1.35 
(16) II 3.31 
(17)b II 9.61 
( 18) II 5.16 
( 23) II 2.02 
(c) LogK0 W 2.32 
( 2 4) II 3.23 
(25) II 2.60 
( 26) II 3.40 
( 31) II 2.01 
(c) LogK 0 m 1. 78 
(38) II 2.56 
( 42) b II 1. 43 
(43) II 1. 91 
( 3 9) LogK 0 c 2.57 
Table XI: (Continued) 
Equation Used 
(40)b 
( 41) 
(58) 
(59) b 
(60) 
(61) 
Type of Value 
Calculated 
LogK0 c 
II 
BCF 
II 
BCFf 
BCFt 
a in mol/kg 
b using predicted equation 
c value taken from Briggs (1981) 
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Calculated Value 
2.11 
2.94 
116 
51.8 
1. 69 
0.957 
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the alcohol could be used as a possible reason for the 
deviation observed·. For the benzene and hexane no 
explanation could be found for their behavior. 
Lack of charge-transfer interactions between pesticides 
and solvents have been observed before {Burns and Hayes, 
19 7 4). Like paraquat, which has been shown to form charge-
transfer complexes with some aro~atic and heterocyclic 
aromatic molecules. Evidence for such interactions has been 
obtained through shifts observed in the 600 to 900 cm-l 
region of the infrared spectra. Ultraviolet spectroscopic 
studies on paraquat-humic acid systems {Burns and Hayes, 
1974), did not show evidence of such interactions, a case 
similar to the one obtained with carbaryl-SDS in this work. 
According to Burns and Hayes { 19 7 4) either there was a 
steric hindrance factor or the ultraviolet method was not 
sufficiently sensitive to detect any charge transfer 
interactions that might have been formed. Similar arguments 
could be used to explain the absence of change in the 
position of the peak of maximum absorbance as a function of 
solvent polarity. 
Probably one of the most important effects of micelle 
formation on the persistence of pesticides is its ability to 
solubilize nonpolar molecules, as could be observed from the 
experimental results with SDS {Figures 13, 14, and 15), 
where the carbaryl concentration was greatly increased in 
the postmicellar region. The addition of NaCl seemed to 
have no effect on the extent of uptake of carbaryl, since 
the slopes of the curves {see Figures 13 and 14)above the 
148 
erne value for sodium dodecyl sulfate with and without this 
salt was essentially the same, within experimental error. As 
expected, the erne of SDS in the presence of sodium chloride 
and carbaryl was at a lower concentration than the one 
obtained in the presence of the pesticide alone (Doughty, 
1979, Abu-Hamdiyyah and El-Danab, 1983). It is well known 
that the addition of salts decreases the critical micelle 
concentration due to a reduction in intermolecular repulsior1 
between polar head groups with a reduction in the amount of 
electrical work needed for micelle formation (Boehm and 
Quinn, 1973). The results discussed above may have 
different implications. For example, if we assume that the 
SDS is a reasonable and simplified model of humic acids or 
dissolved organic matter,, then although the presence of 
electrolytes will tend to lower the solubility of nonpolar 
molecules by salting-out, this decrease could be easily 
overcome, and the solubility enhanced by the presence of 
organic matter in seawater. 
Table VII provides the results obtained in this work 
for the hydrolysis rate constants as a function of 
temperature and pH. Included are the values reported by Aly 
and El-Dib (1972) and although the values are different, 
this is not surprising considering the large uncertainties 
involved in this kind of measurement. As an example, Casida 
et al. (1960) reported a second order rate constant for 
carbaryl 2.6 times lower than the corresponding value 
obtained by Aly and El-Dib. 
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On the other hand, the carbaryl molecule was 
susceptible to hydrolysis only in basic medium, with the 
pseudo-first order rate constants increasing with increasing 
pH values. The pH of natural waters generally lies in the 
range 5.0- 8.0 and that encountered in the sea between 7.5 
and 8.4, with the higher values generally at or near the 
surface (Sverdrup et al., 1970}. According to this scheme 
and using the equation developed in this work (eq 109), 
carbaryl will be stable and will persist for long periods of 
time at 26 °C in a slightly acidic medium, while in waters 
with a pH value of 7.5 half of the carbaryl will re~ain 
after 34 days and at a pH of 8.4 the half-life time will be 
of only about 4 days at the same temperature. These 
calculated values compare well with the one reported by 
Brown (1978} of 38 days at 8 °C, and that of Karinen et al. 
(1967} of 4 days at pH 8.0 and 20 °c, both in seawater. 
The effects of pressure on solution reactions usual J y 
involve the breaking and making of chemical bonds and 
changes in molecular conformation and solvation. These in 
turn are reflected as differences in apparent molal volumes 
of rectants, transition states, and products (Lockyer et 
al., 1974}. 
The effect of pressure on the reaction rates has been 
explained in terms of the formation of an unstable 
intermediate compound between the reactants, called either 
the activated complex or the transition state. This state, 
according to the theory of absolute reaction rates, has a 
lifetime of less than one period of vibration between two 
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atoms in any molecule. This time corresponds to 
approximately 1o-1 3 seconds. 
It follows that the rate of reaction is going to be 
governed by the probability of formation of the activated 
complex, provided that it decomposes in the direction of 
reaction products (Johnson and Eyring, 1970). 
Application of pressure enhances the ionization of pure 
water (Millero et al., 1972) and generally it has the same 
effect on most of the dissociation constants (Lawn et al., 
1978; Tsuda et al., 1976; Ward and Millero, 1975; Shimizu et 
al., 1976) changing in this way the pH of the solution under 
pressure. This enhancement of ionization can be explained by 
the fact that compression increases the dielectric constants 
of liquids while lowering the standard free energies of 
dissolved ions with respect to those of neutral molecules 
(Hamann and Linton, 1974). 
According to our results, the degradation of carbaryl, 
besides being pH-dependent, is also a pressure-dependent 
process, as was demonstrated with the linear relation found 
between k 1 and pressure. It is well known that the 
hydrolysis of esters are markedly accelerated by an increase 
in pressure (Buchanan and Hamann, 1953), as for example, in 
the case of the nonenzymatic hydrolysis rate of p-
nitrophenyl esters of acetic, isobutyric, and 
trimethylacetic acids (Lockyer et al., 1974). 
One of the most important effects in ionic aqueous 
systems arises from the electrostriction of the solvent 
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(Benson and Berson, 1962). There is a good indication that 
this effect had an important role in the degradation process 
of carbaryl under pressure. It is convenient to remember 
that, under the range of pressures considered, carbaryl jn 
aqueous solution was not degraded, except when sodium 
chloride solutions, saturated with carbaryl were used. 
The degradation of carbaryl under pressure gave as one 
of the final products deprotonated 1-naphthol. Similar 
results were obtained with substituted phenols by Hamann and 
Linton, 1974) 
According to Karinen et al. (1967), carbaryl is more 
stable towards hydrolysis in saline waters than in distilled 
waters, but according to our high pressure results, this 
characteristic can be overcome in seawater with the increase 
in pressure as the pesticide sinks to the bottom. 
V. CONCLUSIONS 
Accurate solubility measurements for carbaryl in water, 
seawater and in electrolyte solutions were obtained using a 
generator column, which demonstrated to be a simple, 
reliable and reproducible method for determining 
solubilities of nonpolar molecules like the pesticide 
carbaryl. The relevance of these measurements is best 
appreciated when compared with the few found in the 
literature for pesticides. Host of them are poorly reported 
reflecting the general lack of reliable data, not only for 
carbaryl, but for many other pesticides. 
Thermodynamic parameters for water and several other 
electrolyte solutions, inc 1 uding seawater, were ca 1 cu la ted 
by fitting the solubility data to the Clarke and Glew 
equation. The results showed good correlation in all the 
solutions studied, something that seems to support the 
consistency of the data. 
The results for the thermodynamic parameters were 
interpreted by the conventional method of assigning to each 
ion and molecule a solvent-s~ructure-promoter or solvent-
structure-breaking ability. Carbaryl and tetramethylammonium 
bromide were considered to belong to the first class of 
compounds, while the rest of the electrolytes used in this 
experiment were treated as breakers of the solvent. The use 
of this model gave results consistent with what should be 
expected from a sparingly soluble nonpolar molecule whose 
solubility increases with increasing temperature. 
152 
153 
The transference of carbaryl from water to electrolyte 
solution at 298.15 K was mainly an entropy driven process 
for all the electrolyte solutions, except for TMAB, where a 
net reduction in the magnitude of the entropy was observed. 
Setchenov parameters of carbaryl were measured as a 
function of temperature for several salts for the first 
time. The excellent correlation coefficients obtained with 
most of the electrolyte solutions was a good indicator of 
the consistency of the data. For salting-out it was 
generally observed that the Setchenov values decrease with 
an increase in temperature, while the opposite was true for 
salting-in. 
Pseudo-first order rate constants and ~_f-lLf_e __ t-i-mes--
--~--~----
for ca-rb-a-ry-1-in-water_a-g-~ function of pH were determined 
and compared with similar values obtained from the 
literature for seawater, with good agreement, considering 
the difference in solvent medium. 
There is a direct relationship between SDS 
concentration and carbaryl solubility above the erne. This 
means, as is well known, that micelles can increase the 
solubility of otherwise low-soluble molecules like 
pesticides. The site of solubilization was not determined 
because no measurable shift in the peak of maximum 
absorbance as a function of solvent polarity was observed. 
A fairly good correlation was found between solvent 
polarity and the ratio of fluorescence intensity to 
molality. This property could not, however, be used for 
the determination of the solubilization site. 
I 
I 
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Saturated solutions of carbaryl in water were not 
degraded under the pressure range studied here. Only when 
sodium chloride was used as cosolute was the pesticide 
readily degraded. The high pressure hydrolysis gave 1-
naphthol as one of the end products in agreement with 
previous observations reported in the literature with esters 
and substituted phenols. A plot of pressure against pseudo-
first order rate constants gave a linear relationship, 
indicating the pressure dependence of these constants. 
Further research must be aimed toward a more complete 
study of the effects of pressure and electrolyte on the 
stability and persistence of pesticides. Also evident is the 
lack of good physicochemical data on pesticides. 
studies of this subject would be desirable. 
More 
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Name 
Aldrin 
1,2,3,4,10,10-Hexachloro-
1,4,4a,5,8,8a-hexahydro-endo-
exo-1,4:5,8-dimethano-
naphthalene 
Azak 
2,6-Di-t-butyl-methylcarbamate 
Benomyl 
Methyl-1-[butylcarbamoyl]-2-
benzimidazole carbamate 
BHC 
1,2,3,4,5,6-Hexachlorocyclo-
hexane 
Carbofuran 
2,3-Dihydro-2,2-dimethyl-
benzofuran-7-yl methylcarbamate 
Chloramben 
3-Amino-2,5-dichlorobenzoic acid 
170 
Structural Formula 
Cl 
Cl 
Cl 
Cl 
Cl 
CIOCI 
Cl C I 
Cl 
0-C-NCH 3 8 H 
(Continued) 
Name 
Chlordane 
1,2,4,5,6,7,8,8-0ctachloro-
3a,4,7,7a-tetrahydro-4,7-
methanoindene 
Dazak 
2,6-di-t-butyl-phenyl-N-methyl 
carbamate 
2,4-D 
2,4-Dichlorophenoxyacetic acid 
DDT 
o,p-DDT + p,p'-DDT 
o,p-DDT 
1,1,1-Trichloro-2-[o-
chlorophenyl]-2-[p-chlorophenyl] 
ethane . 
p,p'-DDT 
1,1,1-Trichloro-2,2-bis-[p-
chlorophenyl] ethane 
Dieldrin 
1,2,3,4,10,10-Hexachloro-6,7-
epoxy-1,4,4a,5,6,7,8,8a-
octahydro-endo-exo-1,4:5,8-
dimethanonaphthalene 
Structural Formula 
Cl 
Cl ~ Cl 
~~-c~l CI~CI 
Cl 
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Cl 0, ~o~CI - CCJ 3 -
H 
(Continued) 
Name 
Dinobuton 
2-sec-butyl-4,6-d~nitrophenyl 
isopropyl carbonate 
Dinoseb 
2,4-Dinitro-6-sec-butylphenol 
Diphenamid 
N,N-Dimethyl-2,2-diphenyl-
acetamide 
Diquat 
6,7-Dihydrodipyridol [1,2-
a:2',1'-c] pyrazidiinium di-
bromide 
DNOC 
4,6-Dinitro-o-cresol 
Heptachlor 
1,4,5,6,7,8,8-Heptachloro-
3a,4,7,7a-tetrahydro-4,7-
methanoindene 
172 . 
Structural Formula 
Cl 
Cl 
Cl 
Cl Cl 
(Continued) 
Name 
Heptachlor epoxide 
1,4,5,6,7,8,8-Heptachloro-2,3-
epoxy-3a,4,7,7a-tetrahydro-4,7-
methanoindan 
Isolan 
1-Isopropyl-3-methylpyrazolyl-5-
dimethylcarbamate 
Landrin 
----(aT T,3~5-Trimethylpheriyr'--
methyl carbamate 
(b) 3,4,5-Trimethylphenyl 
methyl carbamate 
(approx. 1:4 ratio) 
Maneb 
Ethylenebisdithiocarbamic acid, 
manganese salt 
Matacil 
4-Dimethylamino-m-tolyl-
methylcarbamate 
MBC 
Methyl-2-benzimidazole carbamate 
Structural Formula 
Cl 
Cl 
Cl 
Cl Cl 
H H S 
I I II 
H-C-N-C-5 
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I 
H-C-N-C-S-Mn-
1 I II 
H H S 
(Continued) 
Name 
Meobal 
3,4-xylyl-N-methylcarbamate 
Mesurol 
3,5-Dirnethyl-4-[rnethyltio] 
phenyl rnethylcarbarnate 
Metacrate 
3-Methylphenyl-N-rnethylcarbarnate 
Methoxychlor 
1,1,1-Trichloro-2,2-bis [p-
methoxyphenyl]-ethane 
Monuron 
3-p-Chlorophenyl-1,1-dirnethyl-
urea 
Nab am 
Disodiurn ethylene 
[dithiocarbarnate] 
b is 
Structural Formula 
0 
II 
OCNHCH3 
H3)~) 
CH3 
0 
II 
~HCH3 
H3C~CH3 
SCH3 
0 
II 
~HCH3 
H3Cv 
0 
s 
II 
CH -NH-C -S -Na 
I 2 
CH2-NH-C- S-Na II 
s 
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(Continued) 
Name 
Neostigmine 
Parathion 
o,o-Diethyl-o,p-nitrophenyl 
phosphorothioate 
Phenmec 
Phenyl-N-methylcarbamate 
Physostigmine 
Picloram 
4-Amino-3,5,6-trichloropicolinic 
acid 
Pirimicarb 
2-[Dimethylamino]-5,6-diethyl-4-
pyrimidinyl dimethylcarbamate 
Structural Formula 
0 
II 
c5:~::~ro• 
s 
II 
c5C2H5l2. 
N02 
0 
II OHCH3 
0 
II 
. ~HNCH3 
0 
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CIYN)'COOH 
CI'YCI 
Cl 
0 
II 
{Continued) 
Name 
Pyrazon 
5-Amino-4-chloro-2-phenyl-3(2H)-
pyridazinone 
Triazine 
2,4-Dichloro-6-o-chloroanilino-
s-triazine 
Trifluralin 
a,a,a-Trifluoro-2,6-dinitro-N,N-
dipropyl-p-toluidine 
Zectran 
4-[Dimethylamino]-3,5-xylyl-N-
methyl carbamate 
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Structural Formula 
APPENDIX 2 
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List of symbols used in this work 
& = activity coefficient 
&w = infinite dilutipn activity coefficient 
&: = activity coefficient on a volume fraction basis 
! * = so 1 va tochromic parameter to measure dipolar bond 
acceptor strength 
f = chemical potential 
b = parameter that takes different values according to the 
atoms present in the molecule 
B = sol vatochromic parameter to measure hydrogen bond 
acceptor strength 
' BCF = bioconcentration factor 
BCFf = BCF in flowing water systems 
__ B~l_::~c;E'_()!l __ a _lip_id_ba~i~------ .--
BCFP = BCF on a protein basis 
BCFt = BCF in terrestrial-aquatic systems 
erne = critical micelle concentration 
Cs = electrolyte concentration 
F = statistical measure of the probabilit.y that a 
relationship would not occur by chance 
K = empirical Setchenov parameter 
K0 c = organic carbon/water partition coefficient 
K0 m = organic matter/water partition coefficient 
K0 w = octanol/water partition coefficient 
k~ = nonelectrolyte salting-out parameter 
L = liter 
m = concentration on a molality basis 
n = number of examples 
P = parachor 
179 
ppm = parts per million 
ppt = parts per thousand 
r 2 = multiple correlation coefficient 
s = standard deviation 
S = water solubility 
Tm = melting point temperature 
TSA = total surface area of a molecule 
-V = mean molar liquid volume 
